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2.0 INTRODUCTION

The Core Noise Investigation of tine CF6-50 turbofan engine was an ex-
perimental resedrch program sponsored by the National Aeronautics and Space
Administration's Lewis Research Center of Cleveland, Ohio, that examinted com=~
bustor internally generated noise and its influence of noise medsurements
in the far field. This program was built on earlier work conducted under
the Experimiental Clean Combustor Program, Phase III (NAS3-19736) on a CF6-50
éngine in 4 test cell.

The primary objective of the Core Noise Investigation program was to
obtain simultaneous internal and far=fi:1d dynamic pressure measureménts on
a CF6-50 high-bypass turbofan engine .a order to detérmine the acoustic con=
tribution of the combustor to the far-field noise signature of the engine.

A standard production=-typé annular combustor used for the engine test
provided comparative data with full-gcale component reésults of a similar
combustor tested under the Expérimental Cléan Combustor Ptogram, Phase II
(NAS3-18551).

The secondary objéctives of this program, to be determined or evaluated
from_the measurements, included the following:

™ The turbine acoustic transfer and cohérence function from the
présent engine test and comparison with existing data and theory

® The location of the apparent primary noise source in the core
engine

) The acoustic power level in the combustor and in the core nozzle
exhaust duct, comparing these results with the General Electric
core noise predictions

The data acquiréd under this program will form a unique set of measure-

ments on thé CF6-50 engine which expands the data base for core noise investis<
gation.

-
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3.0 TEST DESCRIPTION

3.1 CF6-50 ENGINE TEST VEHICLE

The vehicle used in the acoustic test for the Core Noise Investigation
prografi was the CF6-~50 engine (Serial Number 455-768) with a standard produc-
tioh=type annular combustor.

The CF6-50 engine is a dual rotor, axial flow tutrbofan powerplant having
a high-bypass ratio. It is comprised of a l4-stage high-pressure compressor
drivea by a 2-stage high-pressure turbine, and has an integrated front fan and
low pressure compressor, driven by a 4-stage low-pressure turbine. The annu-
lar combustor converts fuél and compressor discharge air into energy to drive
the turbines. The accessory drive system extracts énergy from the high-pres-
sure, high-speéd rotor to drive the engine accessories and the engine-mounted
aircraft accessories.

The core exhaust on this test vehicle was fitted with a long, fixed (non-
reversing) annular plug nozzle. A bellmouth lip was mounted to the engine
inlet. Figuré 3.1-1 is an illustration of a typical CF6-50 engine and nacelle
without a bellmouth inlet. Some key specifications of the CF6=50C ehgine are
listed in Table 3.1-1.

3.2 CF6-50 STANDARD PRODUCTION COMBUSTOR

The CF6-5C standard production combustor is a high-performance annular
combustor incorporating a low-pressure-loss step diffuser, carbureting swirl-
cup-dome desigh and a short burning length. The step diffuser has a pressure
loss of about 1% of the total pressure and does ot vary sighificantly over
the engine cycle. The design of the step diffuser provides a unifofm, steady
airflow distribution into the combustor. Thirty vortex-inducing, axial swirl
cups with venturi tubes are used (one for each of its corresponding fuel noz-
2les) to provide flame stabilization and mixing of the fuel-air mixture. The
combustion liner skirts aré composed of a séries of circumferentially stacked
rings which are contifuously film-cooled to protect the skirts from the high
convective énd rfadiant heat. Primary combustion zone cooling air entry is
provided by closely spaced dilution holés in each ring. These holes augment
thé recirculation for flame stabilization and admit the balance of the primaty
combustion air. Figure 3.2-1(a) illustrates the mechanical design features
of thé combustor system in the CF6-50 engine.

The cobustor airflow distribution is illustrated in Figure 3.2-1(b).
Compressor discharge air (W3) enters the prediffuser passdage and is split
into three streams: outér, center, and inner at diffuser discharge. Thé com-
bustion dirflow enters the combustion zore through either swirl cups, dilu=-
tion holes, or film cooling slots. The air used in thé combustion process,

PN
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Table 3,1-1, CF6-50C Engine Specifications.

® Takeoff Rating (SLS)

Thruse
Specific Fuel Consuipt ion

¢ Maximum Cruise (Mach 3.85/10.7 km)

Thtust
Specific Fuel Consumption

& Weight
® Length
® Maximum Diameter —

® Pressure Ratio

Takeof £
Maximum Cruise

® Bypass Ratio (Takeoff)

® Total Airflow (Takeoff)

224.2 kN (50,400 1lbg) :
10.7 mg/Ns (0.377 Lbt/1bg-hr)

48 kN (10,800 1bg)

18.6 mg/Ns (0.656 1bm/1bg=hr)
3780 kg (8330 1b)

482 em (190 in.)

272 ¢m (107 in.)

29.4 .
31.4

4.4
659 kg/s (1452 lbm/s)
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either directly or indirectly, is only that air (W.) that exits the combus-
tor. The outer and inner flow streams are smoothly dccelerated around the
combustor cowling and enter the combustion zone through the outer and inner
passages which consist of holes and slots. Thirty percent of W, is liner cool-
ing flow which enters the combustion reaction zone through film cooling slots.
The center stream flows into the combustor primary zohe through the dome cowl-
ing to the swirl cups. The cowling opening is sized to provide free-stream
diffusion of the dome flow. This results in higher pressure recovery in the
center stream. The higher ptessure recovery generates higher pressure drops
across the dome and therefore higher velocities through the swirl cups and
other dome flow openings.

The combustion process of chemically reacting a liquid fuel with air, for
heat release, is nonhomogetieous by nature. The local fuel-aitr ratio is a func-
tion of the location in the combustor. When fuel enters the primary zone close
to the swirl cups, the fuel-air ratio. is c¢lose to stoichiometric and decreases
from that value as the fuel-air mixture travels axially down the combustor.

The dilution holes and film coolirg slots dilute the primary zone mixture and,
to an extent, react with it. Typically, the fuel-air ratio determined from
the airflow that exits the combustor is used in analysis.

Relevant design parameters for the CF6-50 combustor are shown in Table
3‘2-1.

3.3 TEST OBJECTIVES

The primary objective of the acoustic test on the CF6-50 engine was to
obtain simultdneous internal and far-field fluctuating pressure measurements
for the purpose of determining the influence of the internally generated com-
bustor fioise on the far-field signature of the engine. Comparisons of the in-
ternal measurements from this engine test witi. a standard production combustor
were to be made with previous full-scale component test results on a similar
type of cembustor.

Other objectives to be determined or evaluated from the engine measure-
ments included the turbine acoustic-transfer function (magnitude and phase)
and cohérence function from the preseiit test, the location of the dpparent
primary noise source in the core éngine, the coherent output power in the far
field, and the acoustic power levél in the combustor and in the core nozzlé
exliaust duct, comparing these results with thé General Electric Core Noise
Prédictions.

3.4 TEST SETUP

The setup for the test of the CF6~50 engine was done at the outdoor
acoustic test Site 4D; located at the General Electric's Proving Ground
Facility 144.81-km (90-mi) east of Cincinnati in Peebles, Ohio.

S o sae - > PR et man - -
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Table 3.2-1. CF6-50 Combustof Désign Pdrameters.

Combustor Airflow (W.)

Comipressor Exit Machi Numbet

Overdll System Length
Burning Length (Ly)
Dome Height (Hp)
La/Hp

Reference Velocity

Reference Area

Space Rate

APT/PT3

Numbet of Fuel Nozzles
Fuel Nozzle Spacing (B)
Lp/B

B/ Hp

103.42 kg/s (228.0 lb/sec)

0.27

75.95 cm (29.90 in.)
34.8 cm (13.70 itt.)
11.43 ca (4.50 in.)
3.0

25.9 m/s (85 ft/sec)
3729 en2 (578 in.2)

watt

602.91 6.905 x 106

w’-Pa
4.3% (Total)
30

6.91 cm (2.72 in.)
5.0

0.60

Btu

hr-£t3-atm

)
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3.4.1 Engine Installation

The engine was installed on the open trussed cantilever support stand at
Site 4D with 4 loag boattail fairing., The engine was horizontally suspended
from the thrust stand at an engine centerline height of 3.96 m (13 ft) above
the concrete surface of the sound-field arena. Figure 3.4-1 is a photograph
of the engine installed on.the test stand. All performance rakes were removed
from the fan inlet, fan exhaust, and core exhaust ducts for the dcoustic test.

Internal dynamic pressure sensors were installed in available access ports
oit the engine in the regioh of the combustor and in the core exhdust nozzle.

3.4.2 Acoustic Arena

The acoustic arena was set up within the level, flat, semicitcular area
with a concrete surface of up to !52.4=m (500-ft) diameéter which was located
on the open cantilever side of the engine stand. The far-field microphone
array of 16 ground-mounted microphones was placed ot the coricréte area of
Site 4D, equally spaced around a 45.7-m (150-ft) arc encompassing angles. from
10° to 160° relative to the engine inlet axis as illustrated in Figure 3.4-2.
The microphone arc was centered at the fan nozzle exit. The microphones were
positioned at a height of 1.27 cm (0.5 in.) above the ground plane arnd ori-
ented vertically with the microphone head pointed at the concrete.

¢

3.4.3 Data Acquisition System

The data acquisition system setup included all the necessary equioment
to obtain analog magnetic tape recordings of all fluctuating pressure signals
(internal and far field) alofig with the digital, steady-state derodyramic
signals of the engine parameters. Online data andlysis capability of the
internal sensofs was provided with a .real-time narrow-band spectruti analyzer
connected to the tape recotrdef with single-channel output displayed ou dn X-Y
recorder through méans of a selector switch. This ififormation provided a
check of the internal medsuremients and an indication of sensor signal valid-
ity. Signdl wmonitoring equipment was used to visually check each faf field
and internal sensor during the run. The acoustic data acquisition system for
Kulite and microphone measurements is shown schématically in Eigutre 3.4-3.

The signals from the individual systéms (Kulites and microphones) were
recorded on a Sangamo Sabre iv, 28-channel, ¥M magnetic tape recorder set for
operatiofi in wide-band Group I with a center frequency_of 108 kHz and run at
a tape speed of 76.2 cn/seé¢ (30 ips).

3.5 TEST MATRIX
The test points for the coré noise investigation covered the sea level
static opérating line of the CF6-50 engine. Data vere obtained at a total of

14 steady-state conditions which eficompassed all required points including
idle, approach; and takeoff conditions Plus 4 repeat points dnd 2 intermediate

e e
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CF6-50 Engine Installation on Peebles Site 4D Thrust Stand.

Figurce 3.4-1.
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Figure 3.4-3. Acoustic Data Acquisition System.
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power settings at the low end of the operating range. Table 3.5~1 lists the
test conditions,

The aerodynamic performance ddta for each test condition were provided by
the two online DMS (Data Management System) readings at the beginning and end
of each steady-state condition. The data were supplemented by cross plots

from the sea level static cycle for this engine to complete the performance
infofmation.

3.6 INSTRUMENTATION

The instrumentation used on this test included ifternal and far-field
acoustic sensors as well as standard engine performance monitor instrumenta-
tion for tracking engine operation during the test. run, and safety monitor
instrumentation which ensured safe operation and control during the test run.
Dyhamic¢ pressure measurements were taken simultaneously on the internal pres-
sure transducers and on the far-field microphones at all test points.

3.6.1 Internal Sensors

The dynamic pressure instrumentation was installed in available access
ports at the three axial planes in the combustor region and 4t the core noz-

zle exit. Dynamic pressutes in the main fuel supply were obtained from re-
dundant Kulite sensors located in the fuel nozzle region,

The internal sensors consisted of five Kulite pressure transducers (XGE-
15-375-200D) installed in the air-cooled tee-block mountings of waveguide sys-
tems having capped semi~infinite coils and relatively short [approximately
20.32 cm (8 in.) to 33.02 cm (13 in.) long] standoff tubes. The location of
these sensors was in the region of the combustor as illustrated in Figure

3.6-1. A photograph of the waveguide sensors installed on the engine is shown
in Figure 3.6-2.

Measurements of internal fluctuating pressures were obtained from Kulite
transducers flush mounted in the wall of two fuel nozzles upstream of the
nozzle flow divider valve. One nozzle was a secondary-only type located at
42° aund the other, & primary-secondaty type at the 102° circumferential posi-
tions (clockwise from top, aft looking forward).

A ducal-élement, water-cooled sound separation probeé with 12.7-ci (5.0-in.)
spacing bétween Kulites was positioned at the core nozzle discharge plane as
shown in Figure 3.6-3. The probe was set at an area-weighted central immersion
of the core nozzle annulus and supported extefnal to the efiginé. . .

3.6.2 Far-field Microphones

The microphones used for this test were Bruel and Rjaer (B&K) Type 4134,
1.27-cm (0.5-in.) diameter condenser mictophonés otiented vertically with the

13
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Table 3.5-1.
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Summary of CF6-50 Core Noise Acoustic Test Conditions.

14

Frel-
Cote Air
Nominal Speed Ratio,
2 F, Ny/v8, f/a Condition Rematks
3.8 6,564 0.01l01 Idle Répeat Point
15.0 8,034 0.0109 Intermediate Point
22.8 8,452 0.0120
26.7 8,660 0.0120 Intermediate Point
30.8 8,686 0.0131 Approach Repeat Point
36.5 8,882 0.0139
45.6 9,106 0.0154 Repeat Point
67.8 9,668 0.0182
85.5 9,964  0.0201 Repeat Point
99.8 10,281 0.0230 Takeoff
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microphone head poirted toward the ground. The microphones wére poditioned
1.27 cm (0.5 in.) above the ground plane to ensure that the ground nulls were
sufficiently above the frequeficies of intereést for thig test (calculated fre-
quéncy of the first null is 77.5 kHz).

All micfophone systeéms utilized either the B&K 2615 or B&K 2619 cathode

follower and B&K 2801 power supply with the 508 output option to provide a
flat responhse through the 10 kHz region of interest. -

3.7 DATA REDUCTION AND PROCESSING

"y

3.7.1 Data Analysis Methods

PR

The methods used in analysis of the data from the coré noise engine test
inc¢luded 1/3-octave-band and narrowband spectral analysis and digital fast ]
Fourier transform (DFT) techniques of c¢ross-torrelation, coherénce, and trans- . ‘

fer function (amplitude and phase) analysis.

One-Third-Octave-Band Spectral Analysis

The 1/3-octave-band spectra were processed from the recotded data by
standard techniques and by DPT procedutes. Those processed by standard tech-
niques included the intetrnal data processed over a range of 1/3-octave bands
from 50 to 5,000 Hz while the far-field data wetre. processed from 50 to 10,000
Hz. Internal spectra wete obtained from measuted data which were corrected
for probe ambient frequency response. The far-field data were corrected to
Standard Day, 288.1 K (59° F) 70% R.H.;, and free-field conditions.

The 1/3-octave-band spectra determined for all test conditions were used
for evaluating the combustor internal medsuremént trends and for comparisons
with the component combustor data in ECCP Phasé I1 (Refereince 1) and the en-
gine data frcih ECCP Phase III (Reference 2). The overall fluctuating pressure
level (OAFPL) obtained from the 1/3-0BFPL spectra were used to determine the
measured power level (PWLyeag) assuming the total pressure signal was acous-
tic. Theée far-field arc 1/3-octave-~band spectra were uséd to evaluate raw sig-
nal conitent. The overall levels wére used to. obtain diréctivity and sound
power levels with engine tonés removéd. Cohérent 1/3-octave-band spectra were
obtained bétweéen selected pairs of geénsors using time-series analyses and DFT
procedures.

Digital Fast Fourier Transform Techiniques

The digital fast Fourier transform techniques used for the data analysis
included both frequency and time-domain techniques. Detailed explandtiods of
these various methods, briefly described below, dare found in Reference 3. The

|
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techniques in the frequency domdin include auto spectrum, ctoss spectrum, co-
herencé functiori, coherent output spéctrum, and transfer function gain and
phase,

Tine-series analysis views continuous data records in finite increments
or gamples. The samples acquired at sequential times over the record lehgth .
are stored in blocks for subsequent conversion by finite Fourier transform ’
from the time domain to the frequency domain. The data stored in these blocks
ate truncated segments of the continuous data record. The spectral bandwidch,
By, is defined as the ratio of the samplinig rate (SR) to the transform block
size (N). The signal waveforms are expressed as functions of time with x(t) {
as the input signal and y(t) as the output signal. For these signals the
auto spectra are defined by i

Input:  Ggy (£) = Fy(e) . F*x(t) (1) :
Output: Gyy (f) = Fy(e) » Fry(v) (2) T
where F is the Fourier transform operation, and F* is the complex conjugate

of the Fourier transform.

The narrowband analysis of the engine data was processed thtough a digi- r
tdal Fourier transform analyzer using a block size of 4096 and a sampling rate
of 8192 samples/sec to obtain 2-Hz bandwidth Spectra over a range of frequen-
cies from 0 to 2000 Hz. The number of block averages employéd was 20 which
résults in a total sample record length of 10 seconds being used in the anal- :
ysis of the data. The narrowband spectra obtained through this analysis were
computéd for 9 interndl sensors and 15 far-field microphones for 8 conditions
ovér the operating range. The results from this analysis are presented in . ]
Reference 4. The internal spectra were used to assist in evaluating trends i
from the internal Kulite measurements. Fluctuating pressure level (FPL) was . N
useéd instead of sound pressure level (SPL) for these sensors sifice theé pres<
sure signal contains turbulence in addition to sound, The far-field data |
used sound pressure level (SPL) since the gignals that reach the i c¥ ophone ‘
locations in the far field are principally acoustic;

The cross spectrum, Gxy(f), is obtained from the product of the Fourier
trandform of the input signal record Fx(tl..times the complex conjugate of the
Fourier transform of theé output signal, F"y(t), and is expressed as

Gxy(£) = Fx(t) FYy(t) (3)

. ) 1

The square of the magnitude of this cross spectrum divided by the auto |
spectra of thé input and output signals defines the ordinary coherence func-
tion which is expressed as

1
2. | Gy 12 (4) 7

Cxx - Gyy }

> The coherence function expresses the degree of similarity between the input
’ and output signals in the frequency domain.
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4 The coherent output spectrum is a means of expressing the amount of the
: output signal that is coming ffom the input gignal. It is defined as the auto

spectruti of the output signal multiplied by the cohetence function and is ex-
pressed as

~

(CO)Gyy = v2cyy (5)

Another term used in the analysis of the data is the transfer function,
normdlly defined as the ratio of the output-to+input autospecttra. However,
since the far-field 3ignals contain many source contributions, the most effec-
tive way to determine the transfer function from internal to far field was to
use the cross spectrum in place of the output autospectrum.

I dehdanenmy ot 7

g2 =Gx_y

: (6)

Gxx

This yields a complex quantity which can be used to determine the gain and _
phase between the output and input as a function of frequency. i

The.time delays between two sighals separated by a large distance (i.e.,
internal to far field) and by smaller internal separationis must be removed
from the data to. properly align the data records in order to minimize bias
ettors in the results. The technique used to identify these time delays was
cross~correlation analysis. Cross=correlation analysis is a measure of the
Propagation-time-delay characteristicg of signal transmission in the time
dotidain. In cross=correlation, the input signal is compared with the time-
delayed output signal to determine the amount of similarity between the two
signals. The cross-cotrelation function is expresséd as

. Lim 1 T y |
Reyy () = T4 F x(t)y(t+1)de (7)

o

The normalized correlatiofnt coefficient is expresséd as i

“xy (%) = —10) Ry (0) (8

whete Ryy(0) and Ryy(0) are the Zero-timeé-delay values of the autocorrela- i
tion of the input and output gignal, respectively.

With large spacings between sensors (distarces much greateér than the 1
quartet wavelengths of the frequencies of interest), only the acoustic signal
is well correlated and peaks will occur in the cross-cortelograi at values
of time delay that correspond to the distance between the sensors divided by

the local speed of sound. This is typical of cross-correlations between the
internal sensors and the far-field fiicrophones,
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The identification of source locations can be determined through €the
vectorifig of time delays obtained from cross-correlation analysis. The direc-
tion of the propagating sigial can be related to the sign (2) of the time
delay., Comparing time delays between several pairs of sensors identifies
reégions where the time delay goes thtrough zero, which cdn be telated to the
apparent location of the sources.

The location of the source can be pinpoifited a8 occurring in regions
where the time delay goes through zero (changes sign) or is near 2éro. Fotr
instance, if the acoustic sigral origindtes halfway between an upstream and
downstréam sensor the delay time will be zero (for a no flow condition) since
the signal travel times to each sensor are identical. 1If the source is lo-
cated less than, or more than, halfway between sénsors, the time delay from

upstream to downstream will be near zero but will change sign depending on the
conditions,

3.7.2 Time Series Analysis Paraméter Optimization

The analysis of the data by digital time series techniques requiréd the
optimization of several parameters in order to construct a procedure that
yielded the desired results. The approach condition at 30.8% P, was se-
lected as the focal point of the study since it appeared to give 4 reasonable
degree of signal correlation with the majotity of the sefisors dand also was
tepreseiitative of a condition influeticed by core noise.

Variations of the time series parameters were conducted to determine
their influence on the analysis results.

3.7.2.1 Time Series Parameter Study

The parameters investigated for the study included the following:
1.  sample Rate, SR (samples/sec)

2. Transform Block Size, N (samples)

3. Ssample Averages, M

4. Sample Interval, At (sec/sample)
whére At = 1/8R

(9)
5. Sample Length, t (sec) .
where t = NAt = N/SR (10)
6. Record Length, T (sec)
where T = Mt (11)
7. Resolution Bandwidth, B, (Hz)
where Bg = 1/t = SR/N (12),(13)
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8. Resolution Frequency, f (Hz)
where f = SR/2 (Nyquist or Folding Frequency) (14)

9. Random Error, e for autospectra
where ¢ = I/VBeT (15)

or substituting equations (9) through (14) into (15) yields

€= 1//M . (16)

which gays that the amount of random error in a spectral calculation varies
inversely with the square rodt of the number of sampleé averages.

These parameters represent the control available to the operator when
performing time-series analysis on the digital fast Fourier transform analy-
z2ér,

The time series parameters were used to establish operating regions for
employing the time series analysis formulas noted in Table 3.7-1.

The pdrametric study evaluated several effects on the analysis result,
Among these were:

1. The effect. of data bandwidth on cross-correlation (keeping sampling
rate and block size constant but varying the analysis window).

2. The effect of sampling tate on ctoss-correlation coherence, and

transfer function phase angle for intetnal sensotrs atid internal to
far-field pairs.

3. The effect of averaging on crosi-correlation, coherence; and trans-

fer function phase angle for internal semsors and internal to far-
field pairs.

The effect of varying the frequency bands of the data to be analyzéd was
found to be significant for internal/external results. Some typical examples
of this effect are shown in tigure 3.7-1. Data bandwidths of 0-1000, 100-1000,
and 500-1000 Hz weré useéd i crods—-correlations of an internal pair of sensors
and the coré probe to a far-field microphone. Too broad a tange of frequen-
cies results in broad time-délay peaks that obscuré the real peaks in inter-
hal/extetnal data. Narrowing the window by cutting off the low frequency be-
low 100 Hz while maintaining an upper limit of 1000 Hz ethances the tifle~del ay
peaks in both sets of data. Further reduction of the low-frequency end below
500 Hz minimizes one of the peaks in the intérnal correlations and washes out
the résolution in the far-field data, indicating removal of the correlated
signal. The best overall cross-correlation results were obtained with a window
of 100 to 1000 HZ for both internal pairs of internal to external sensors.




Adtospectrum
Autocorrelation
Cross-Spectrum
Cross~-Correlation
Normalized Cross-Cor
Coherence Function
Coherent Spectrum

Transfer Spectrum

?

Table 3,7-1 Time-Series Anal
Transform (DFT),

ysis Formulas Using Discrete Finite Fourier

Gxx(£) = DFT x(t) & DFT*x(t); Gyy(£) = DFT y(t) « DFT#*y (t)
Rex (1) + DFT™L G (£); Ryy(v) = DFT™L 6y (£)

Gy (£)
Ryy (T)
Pxy(T) = Ry (1) /Ry (0) /Ry, (0)
VEE) = Gy () 2/G, () 0y (£)

DFT x(t) « DFT* y(t)

prr-1 Gy (£)

Y3y, (£) = Gy () 2/, (f)

H(E) = Gyy(£)/Gyy(£)
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The sampling rate effect on c¢ross-correlations in this study was deter-
mined at a data bandwidth of 100-500 Hz. Cross-correlations from internal
sensor pairs were checked at 51,200, 25,600, and 12,800 sps, while the exter-
nal data wvere checked at 6,400, 3,200 and 1,600 sps. Figure 3.7-2 shows the
results. The higher the sampling rate the greater the number of peaks appear
in the data, often resulting in spurious peaks that do not clarify the true

peaks. The midrange sample rates of 25,600/32,000 sps for the internal/exter-
nal results proved to be best for the analysis,

A similar study with the coherence functi
effect of increasing the sampling rate to inecr
nal and eliminate mich of

on in Figure 3.7-3 shows the

ease the resolution of the sig-
the "hash" on the spectrum.

The results with sampling rate on transfer function .phase in Figure 3.7-4
are in agreement with these observations.

The effect of increasing the fwmber of averages on coherence is shown
in Figure 3.7-5. The nutiber of averages was increased from 59 to 100, and
then to 200. Doubling the number of averages reduces the random background
noise by 3 dB. The internal sensors at a sample ra“e of 2560 sps show a small
difference in level going from 50 to 100 averages, but no change for increas-

ing the number of averages to 200. This indicates the coherence function is
achieved with the 100 averages.

Tne internal to far-field comparison shows successive level reductions
with increasing number of averages at a sample rate of 5120 sps. This indi-

cates that the internal to far-field results would benefit from increased
averaging,

The results of the tr

ansfer phase angle study with number of averages
indicates similar effects

as shown in Figure 3.7-6.

] Observations on Parametric Study Results

Several noteworthy
meénts from this time ser
following:

observations abou; the data from the CF6-50 measure-
ies parameter evaluation were made. They include the

l.  Cross-cortelations between poorly correlated sighals are very sensi-
tive to computation parameters,

2. Distinguishable cross-correlation peaks are required to precisely
determine time delays.

Phase angle plots indicate different propagation time delays for

different frequency bands.

4, Internal-to-internal cross-correlations are best when frequency
bands are restricted to 100-1000 Hz.
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5. Internal -to-external cross-correlations are bést whén frequency
bands atre restricted to 100-500 Hz. :

6. High correlation occurs between tailpipe to far-field and combustor-
to-combustor.

7. Coletence results indicate 0-1000-Hz energy in the combustor but
only 50-500 Hz propagatés to the far field,

These observations were used in the selection of pardmeter combinations
which appeared to optimize the results of the study. A summary of these param-
eters for the cross-correlation analysis was found in Table 3.7-2. Two sets
of parametérs are listed, ofie for internal sensor pairs and another for inter-
nal to far-field sensor combinations. This is to be éxpected due to the rela-
tive magnitudes of the time delays involved. A similar set of optimized param-
eters for the colerence, coherent spectra, and transfer function analysis is
listed in Table 3.7-3. These optimized timé-series analysis parameters were
uséd in the analysis of the core noise data.

3.7.2 2 Use of Digital Processing Techhiques

The digital FFT processing techniques used in the analysis of the intet-
nal and far-field data obtained in the core noise investigation program in-
cluded those in the time domain (i.e., cross-correlation) as well as the fre-
quency domdin (i.e., cross-spectrum phase).

Time delays associated with acoustic wave propagation speeds weré removed
from the intetnal and far-field data. The removal of the tidie delay between
the sighal pairs was necessary to account for the tequirements of the digital
analysis. The effects of time delay removal on the analysis tesults vary
depending oo the type of analysis used and the magnitude of. the time delay.
For example, the idealized phase plot in Figure 3.7-7 shows the effect of not
removing a pesitive time delay in the analysis to result in a sawtoothed curve
starting at zero with a positive slope to 180°, then shifting to -180° and con-
tinuing with the same positive slope to +180° over the rest.of the frequency
range. The frequéncy at which the 180° phase shift occurs can be related to
this time delay by

* where t is the time delay (17)

p . 1
fl80* = 357
Severdl time-delay peaks are also possible. Some of thesé may be in the.

negative direction as illustrated in Figure 3.7-8(a). Removal of each time
delay from the cross-spectrum phase results in certain groups of frequencies
béing in pliase as indicated by the horizontal potrtion of the spéctrum in Figure
3.7-8(b). The negative-sloped region of the spectrum in the lower freéquetcies
indicates that this region is out of phase for the time delay t1, and that
still a greater negative delay time is required to bring this region into phase.
Removal of this_sgecond time-delay peak, 13, in Figure 3.7-8(c), places the
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Table 3.7-2. fTime Series Computation Procedures for Cross-Cortréelation
Using Time/Data Analyzer with PDP 11/35.

Nofmalized Cross=Correlation ,

Internal-Internal Bloek Size = 512 + 512 Zeros
Sample Rate = 25,600 sps
Sample Intetval = 39 pge¢
Maximum Delay = + 0.01 see

Internal-External Block Size ® 512 + 512 Zeros
Sample Rate = 3,200 sps
Sample Interval = 313 psec
Maximum Delay = 0.16 sec




Table 3.7-3. Timeé Series Computation Procedures for Coherence, :
Cohetéent Spectra, and Transfer Function Using '
Time/Data Analyzer with PDP 11/35.

Iiternal-internal
Block Size 2,048 Samples 'J
Sample Rate 12,800 s/sec .
Resolution 6.25 Hz
Maximut Data 1,000 Hz i
Record Length 8.0 sec
Internal-External
Block Size 2,048 Samples
Sample Rate 5,120 s/se¢.
Resolution 2.5 H2
Maximum Data 2,000 Hz
Record Length 0.40 sec
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lowver frequency region in phase but not the
is now positively sloped, indicatin
quired for this region (less negative t). These results indicate that differ-
ent groups of frequencies are travelling at different time delays.

higher frequéncies;v This region
& 4 positive change in time delay i3 re-

The effect on the coherence function determnined wit

appréciably in error since the amount of the time
delay difference .is quite small, and the ertror associated with this differenice

i8 also small. Reference 5 gives & relationship for determiting the effect of
bias errors on coherence due to time delays as

ay \2 (18)
Y2 - Y2 (1 - %)

Estimated (measured) value of the coherence
function between two Sefisors

h only one tine delay

where

Y® = True value of the coherence function
T = Time delay between two signals

t = Sawple length (Equation 10)

The error estimate ig

22 |\ 2
1_2_ = J?l) & where t ® ,16 sec
Y

Then, for some typical values of time delay

=0.000625 sec and 12 = =~ 0.00250 sec, the rfegpéctive estimates on coherence
are 0.99220 and 0.96899 of the actual value. Uaing only the primary time
delay, and neglecting the tultiple time delays in the coherence fufiction, does.

not sériously influence the quality of the result. This is also true for the
transfér function awplitude (gain).

8 as found in Figure 3.7-8 of T =

The gohetence function y2, transfer function amplitude, expressed as
gain, |H| and transfer function phase angle ¢ in degrees were c¢omputed with
a block si1ze of 2048, in a sample bandwidth of 2.5 Nz over a record time of 40
seconds with 100 averages. The daca are presented on a log frequency scale at
frequencies from 50 to 1600 Hz. The high-fréquency cutoff is at 2000 Hz. The
log scale highlights the frequency regions of interest in each spectrum.
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The transfer furictions for the internal to far-field sensors wete deter-
tined with the loss due to spherical divergence removed which dllows for a
cledrer definition of any adgitiohal lossés. The far-field transfer functions
(amglitude) are dedoted [H*|°, as opposed to the internal transfer functions
[H|® which include all losses. The magnitude of the transfer function to
the far-field is obtained from:

2
H*| 2 a 2 o
|H*| [H] = (19)

where t is the distance to the far<field microplione and R is the refefence
digtance,

3.7.2.3 Error Evaluation of Titie Series Estimates
The analysis methods used on the data have an inher

ent amount of etror
associated with each estimated valye The random error calculations used
in this report are based on results Refe

Coherent output spectrum estimates

(51 % (3 < y2y1/2) | o
¢ Cohererce function éstimates
¢(y2) = "2 (1= v2)/|y|/ &
Transfetr gain factor estifiates
e [IH|2] = 2(1 - yz)l/z/lyl/iﬁ

Transfer phase factor estimates

PN .

8 = ¢r1d)

In each case, the normalized random error formula is 4 function. of the actual
cohgrencé function 72, and the aumber of averagés (M). The estiiated valye
of ¥° is used in place of v along with the tumbér of averages to find the
random error for each éstimate. e s

These cotfidence~limit relatic i
dverages in Figures 3.7-9
function estimates for the
and winimum confidence limi

h1ps aré found in graphical form for 100
through 3.7-11.V Typical values of the coherence

data ran from 0.8 to 0.1 which convert to maximui
ts on these graphs.
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Figute 3.7-9. Coherent Spectra Error Estimates.
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Transfer Function Gain and Phase Error Estimates.




3.7.3 Signal Polarity Identificdtion

A requiremeérit of this Program wds to provide a verification of signal
polarity to each of the internal Kulites and far-field miceopliones simul€a-
neously, in order to perform the phase analysis between internal to far-field
seéndots as detailed by the contract. This polatity verification was provided
by 4 combination of an iipulse signal input to all sensors sifultaneocusly

dfid through ¢ross-correlations betweeti sefisors of knowh=t o~unknown signal
polarities,

Prior to actual engine running;, a check of the microphone and Kulite gig~-
nal polarities was made simultaneously on all sensors after all instrumeénta-
tion had been set up. The acoustic instrumentation included 9 internal Kulites
and 16 far-field microphones. A blast from a 12-gauge shotgun fired in the
region of the core exhlaust toward the center of the microphone array provided
an impulse signal which was recorded on all tape recorder channels. The direc-

tion of the pressure Pulse on the signal waveform was to indicate the polarity
of each system,

A review of the impulse signal waveforms during data reduction showed
varying degrees of clarity on the far-field microphone array. Clear pulses
were evident on the 90° and 100° microphones which were of opposite sign as
shown in Figure 3.7-12, The amplitudes of the impulse on the other micro-
phones were less prominent, but also indicated polarity differences.
pulse sighals on the internal Kulites were only discernible on the Plane 4.0

due to the sensor lo~
f the high-pressure
n).

cations inside the engine and to the low senditivities o
Kulite systems (even with the amplifiers ser at high gai

indicated from the shotgun blast to be of o

ute 3.7-13. Probe element A displays a positive (+) Pulde while probe ele-
ment B suggests a negative (-) pulse,

Verification of the Probe signal polarities was
correlation analysis between each of the probe Kulites with the 90° and 100*
microphones: Sifice cross-correlations between signals of the sarie p

tion coefficient, ny, signals with opposite polarities sed throug
the cross~correlation Procedure will yield a negative correlation coefficient .,

Thetefore, a tegative. Ryy amplitude should occur for the cross-correlation
between core probe A (+) to the 90° microphone (-)

41
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Figure 3.7-14. Cross-Cortelation Between Core Probe and 90° Far-Field
Microphone.
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Figure 3.7-15.
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Cross-Correlation Between Core Probe and 100Y Far-Field
Microphone.
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probe Kulites. Similar verification is apparent in Figure 3.7-15 from the re-
sults obtdined at this condition with the 100° microphofte (+) and the core
probe Kulites. These results confirm the polarities of the core probe A as
positive (+) and the probe B ag negative (-). The polarities of the remainirg
far-field microptiones were establighed using the crfoss=correldation results of
core pfobé A with-each microphone, as illustrated in Figure 3.7-16.

Six out of 15 microphones had negative (-) polarity. The sétup of the
B&K microphone systems included the 1.27 ¢m (0.5 in.) microphone head (Type
4134), cathode follower (Type 2615 or 2619) and power supply (Type 2801) set
for 502 output impedance. Each system was single-end connected to the tape
recotder amplifiers. A check of the individual 90° and 100° microphone gys-
tems 4s they were used in the field was made in the laboratory with the same
results. This suggéests that differences in the wiring and/or electronics

resulted in reversed polarities with these systems, and that théy must be
checked prior to each setup.

The only clear impulse signal obtained from the shotgun blast with the
internal sensors was at the Plane 4.0 sensor (92° from top, clockwise aft
looking forward). Figure 3.7-17 illustrates the signal waveform for this
sénsor and indicates a positive Pulseé. Previous cross=correlation resdults

Phase III, at 30% thrust all gave .positive cotrelation coefficients as indi-
catéd in Figure 3.7-18. The Kulites for the ECCP test wetre checked for po-
larity prior to the run by applying a known pressure to the referencé side
of each Kulite individually and observing the signal displacetients to .ensure
that all had the same polarity (a.positive pressute c¢n the Kulite reference
side gives a negative digpldacenent if the sensor polarity is positive).

Cross-correlations between each of the internal waveguide sensors and
the Plane 4.0 (92°) sensor of kiown positive (+) polarity for the 22.8% thrust
condition for this program yielded results as shown in Figute 3.7-19. Thege
résults were in complete agreement with the ECCP Phase III results of Figure
3.7-18. The time delays associated with the average speed of sound between

The polarity of the fuél nozzle sensors was determined from crogs-
cofrelations between the individual fuel rozzles and their associated wave-
guide sensors at 42° and 102°. Results from this Ptocedure indicated a

® Significanceé of Findings

l. If phase analysis is to be performed, the determination of signal .-
polarity is critical. ..An impulse signal such as a blast from a
shotgun; or horn, etc., recorded similtaneously on all channels

45

PGS




e A ——— — — —————

*SUOTIBT[3110)-SS01) aq01d

210) WOl UOTIBOTJTA3) K3taefod auoydoidIj{ PI3TI-Ied °9T-L°¢ ain3r4

SPUONS “f2P7 swy;

8- 9° W Nu.. B wt vt A L () R | N—m. gtc 9 #°
I Ja]'" 000 ) o T |1
prl ! 11, ) ) } ,
0 | - WiedNG 0
w v , {0 [z
i ] _ .e -
(& T 1 " 2
N + —l I m
0 g)
:
,T. og ! IS w
“ 1~ {2
SOl 1 | ! —M- | oﬂ m
d‘. . i N m
3
3
0 3
. | 1
N‘
{+)

46




b, ol PP ATy

PPy B R

R o b it S dar s Saae b e DML SERORALA ualing dndie M. o4

47

*3serqg un3joys Buisp siosuag Teurajuy jo }oday) L3raeyoq *LT-£°€ @an31y

| asyy - | ] k_

—_— | _.ﬁ

asly +

,26) 0V aueld ‘waojsep feubys asindwy e
wesbosd asioN 310 (g -94) o




*S10SUdg 10315NqUo)
[BuU19ju] Wol1j SITNSIY UOTIL[3I10)-5501) III 3seud 4201 *gT-£°€ 2andt4

spuos ‘Aeppq 3wl

w

m Nc ¢ a Nc olol NQd 6 Nc dle ‘. ;
ﬁ 1,26) 0 O | ] (20007 9 t m
m L 128 g€ aueid (O I— 200 scoveid 9 F
“ w m ., ) | 3 |
| AARY 0 x 0 m.
, i . R _w
w« P g
1 oy )
w 5 |
w 8. é NC.I . o !
m v ° j .q - o :
_w (-26) 07 @ _ Y |
w (9T) 0€ dueid {e: s !
, ey N - |

X |

o WTV Y T ¥

S100°- ng\\ _ ; y-

Uj %0c o |
9E46l - ESYN © “
|

48




spuonRs ‘AepqQ dwyy
Nc -lN .

(,26) 0
0} (,201)
SE eueld (9

10 =4~

2

‘0°y auery
YITM slIosusg 103snquo) weailsdy usamiag UOTIBT3a110)-SS01)

*61~L'€ 2an314

a0° 0 NG»N.:
‘QNQv ﬁ.ﬁ 0) ]
(o) S aueld Q!
0
2
2
| 2000 5L\ 5
g
2
a@° 0 20°- 3
e - MW
{o26) 09 O .
{:91) 0°E dueyd {e pr
_ 2
.n..;. s.. ~° Mo
8100 ¢ =g _ ]
T\ .
1
Ul %L

09C1Z - ESYN &

19




TR EYTTTe.ry o

ST WY NTeeweRS TR WwyRT e s T

*Sa0suUag mvgww?m.: paleydoossy pue
S10SU9S I[ZZON [3NJ UI3IMIIG SUOTIRTSIA0)-SSOII) *0Z-1°*€ 2an81g

spUCRS ‘fepg el

20° 0 a0 - PD° 0 a0

Toucc.m.m 0 1,20T) .z\“_ {q o2 S7°€ 0 Aomﬁ_ZE ®

1 [

[ ]
[ 3
[}

oLl
v m | | . '

Ui %6°2¢ ¢

09212 - ESYN

Ao ‘JUBII1e0) UONRRIL0) POZ|jewoN




Table 3.7-4. Sumiiary of Microphone atd Kulite Signal Polarities for {
Core Noise Measurements,

A

Verified
Sensor Signal Polarity
Microphone 10° +
30* -
40° -
50° -
60° - -
70°¢ -
80° -
90° -
100° +
110° +
120° +
130° +
140° *
150° +
160° *
Kulite Plane 3.0 (16°) +
Plane 3.5 (42°) +
3.5 (102°*) +
3.5 (282°) +
Plane 4.0 (92°) +
Plane 8.0A.(270%) +
8.0B.(270°%) -
Fuel Nozzle (42°%) +
Fuel Nozzle (102°) +
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provides.a quick setup and time-saving effort during a test run

(as opposed to individual pressure checks to both Kulite and micro-
phone systenis).

2. Kulites should be pressure~checked fotr si
by applying a Positive pressure to the re
ducer (gives negative digplacement if pol

gnal polarity during hookup
ference side of tke traas-
arity is positive).

3. Microphone s

ystems are not always of the same polarity and must be
checked.

3.7.4 Data Procesaing

3.7.4.1 Frequency Response Corrections

The internal and far field measurements obtained during the tagt run were

corrected for frequency response, where applicable, as part of the data redyc-
tion procedure. The acoustic waveguide systéms in the c

tetts to account for pProbe losses resulting

on each semsor. Typical frequency re-
Sponse calibration results are shown in Figure 3.7-21 for the waveguide sen-

sotrs. Tabulation of the corrections for each 1/3-octave-band frequency ig
found in Table 3.7-5.

3.7.4.2 Power Level Calculation

The measured power level, FPWLmeasi was calculated at each me asurement
plane assuming the entige fluctuating pressureé measurement was acoustic sig-
nal propagating as a plane wave axially through the engine. The power level
was cdlculated using Blokhintsev's results (as noted in Reference 7), for the
acoustic intensity flux vector which can be written:

B 2 > -»>
z-p—a-(c+ve>(ce +V) (20)
pc p P

S
P, p, and ¢ are used in the conventional serise, where V i

N - 8 the absolute flow
velocity and gp the unit vector normal to the acoustic wave front.
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Figure 3.7-21, Ambient Frequency Response Results from Combustor
Waveguide Sensors.
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Table 3.7-5. Ambient Freque

ncy Response Corrections for CF6-50 Core

Noise Waveguide Sensors.

Frequency, | Plane 3.0 Plane 3.5 Plane 4.0
Hz 16° 42° 102° 282° 92°
50 0 0 0 0 0
63 0 0 0 0 0
80 0 0 0 0 0
100 0 -0.1 -0.8 -0.3 0
125 -0.2 -0.5 -1.0 -0.2 -0.3
160 -0.3 -0.4 -1.0 -0.5 -0.5
200 -0.6 -0.5 ~-1.0 =0.6 -0.9
250 -1.0 -0.4 -1.0 -0.5 -1.3
315 -1.5 -0.1 -1.0 =-0.6 -1.5
400 -0.8 o -0.9 -0.3 -1.7
500 -0.5 -0.1 -0.8 =0.2 -1.2
630 0.3 0 -0.6 -0.2 -0.8
800 -0.9 0.4 -0.6 =0.2 -1.4
1000 -0.4 0.7 0.1 -0.6 -1.3
1250 1.6 0.8 0.4 1.1 0.4
1600 -0.3 1.1 0.5 0.8 2.7
200 -0.3 0.8 0.5 0.8 -0.3
2500 -2.5 0.8 0.5 0.8 2.7
3150 -0.5 1.4 0 0.9 2.7
4000 -0.3 1.0 0.7 i.0 3.1
5000 -1.7 2.1 1.2 2.1 4.3

é Applied to

Measured 1/3-0Octave-Band Values
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= B (1 + M cos 6
Pc

where 9 and ¢ are the an
with the axial direction.
suring planes is near axial

. p2 2
Ix = s (1 + M)

The plane-wave assumption
from 4 measurement at any point
of reference pressure (P,) and
level (PWL referenced to 10-13

TN TN Ne——————

We are interested Pcimarily in the axial component, hence

) (cos 6 + M cos ¢)

gles made by the acoustic wave front and the flow
M is. the flow Mach number.

and if a plane wave assumption is used here,

A e e

A

e
X

+ V) (21)

The flow at the mea-

(22)

also permits the acoustic power to be computed

of the cross. section. Using a consistent set

specific impedance (P°c,), the acoustic power
watts) is given by:

Poco
PWL = SPL + 20 log (1 + M) + 10 log :

- ) + 10 log A + 9.9 (23)

or

Py

PWL = SPL + 20 log (1 + M) + 10 log (Ps

Tg
T)" 10 log A + 9.9 (24)
(o]

where SPL = sound ptressure level re 2 x 10~3 N/m?

Pg, Tg = static pressure and temperature at the measuring station

Py, Ty = ambiént (standard day) pressute and temperature

A = crosds-séctional area in m2

3.7.4.3 Eng’ ine Medsurements Verificdtion

The data acquired durin
weéré checked to ensure the v
from the low microphones wer
a similar €ést setup and fon
line 10-Hz narrowbend spectt
gine with the standard combu
the same sensor locaticns on
The levels were of the saime o

8 the core noise iteasurements on the CF6-50 engine
alidity of the measurements. The fat-field data

e compared to previous test tresults obtained from
nd in shape and level to agree within 2dB. On-

a from the internal measurements on the Cr'6-50 en-
stor wete compared to similar
a previous test with a double
rder of magnitude for both tes

L‘s.
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The core. probe overall FPWL (re 10713 watts) was compared to the far-.
field power levels to evaluate the région of potential core noise dominance
over the engine operating line. The far-field results are from standard day
and free-field coftected data obtained from medsurements around .a 45.72 m (150
ft) arc. Both sets of ddata are for the low-frequency region between 50 to
2000 Hz. Figure 3.7-22 illustrates the results. of the cote probe FPWL plocted
against core velocity and the far-field PWL plotted against the effective jet
velocity (V,) brought about by the merging of the fan and core streams.

This velocity Ve was determined from the fan bypass rdatio (BPR) and jet ve-
locities of the fan (V;g) and core (Vg) stteams using:

(BPR) Vg + Vg

\P BPR + 1 (25)

The figure shows that the core-generated power dominates the lower velocities
below approximately 230 m/sec (755 ft/sec). This corresponds to.conditions
below 45% F,. The eigine generated power level at velocities .above 230 m/sec
(755 ft/sec) is ptimarily controlled by jet noise. These results suggest that
the ilost promising conditions for core noise investigation are at the poWer
settings of approach and below. Above approach, the other engine noise sources

overtake the core noise. This observation parallels those for a similar com-
parison reported in Reference §.
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Figure 3,7-22, Comparison of Core Probe Power Levels with
Far-Field Measured Power Levels.
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4.0 ANALYSIS AND DISCUSSION OF RESULTS

4.1 DIRECT ANALYSIS OF ENGINE ACOUSTIC MEASUREMENTS

The eéngine acoustic measurements obtained ftom the core noise test of
the CF6-50 were processéd through 2-Hz narrowband and 1/3-octave-band analy-
éis procedures to display pressuté spectra from each sensor at all test con-
ditions. A ditect analysis of these spectra was performed to (1) identify
characteristics common to internal and far-field measuremedts, (2) compare
internal spectra with similar engine measurements previously acquited in a
test cell (ECCP Phase 111, Reference 2), and (3) comparé engihe to full-scale
anfiular combustor rig results with a standard production-type combustor (ECCP
Phase LI, Reférence 1). Table 4.1-1 summarizes the ECCP Phases 1I and IfI
test poirnts for comparisdon with the core noise program test data. Tabulations
of required aerodymamic performance parameters are included in this subsection.

4.1.1 1Intérnal and Far-field Spectra Cumparison

The internal and far-field measurements processed as 2-Hz natrowband
spectra were obtained directly from the measured data. Thé 1/3-octave-band
spectra from the interndl sensotrs dare corrected for ambient frequency response
only, vhile the far-field méasufements are cotrected to 288.3 K (59° F), 702
R.H. standard day and free=field conditions. Co

The intetnal specttal comparisons were made over five representative test
conditions covering the complete efgine sea level static operating range and
included 3.8 (idle), 22.8, 30.8% (approach), 67.8 and 99.8% (takeoff) net
thrust settings (X F,). Comparisons of the fuel nozzle spectra with the
associated spectra from the waveguide ptobes included an additional low power
point at 15% F,. Simildr comparisons with the far-field spectra included
all of the above six power settings. The narrowband and 1/3-octave-band ipec~-
tra for all sensors at each of the original eight data points in the test ma-
trix ate found in Reférence 4.

The internal medsureménts consist of fluctuating pressures and include
both turbulencé and sound (FPL spectra). The far-field measurements are
cofisidéred to rfepresent the engine acoustir signature which is comprised of
many sourcés (i.e., fan, combustor, turbine and jet, etc.). Thé turbulent
contribution, however, is not present due to the distarnt location of the
micropliones in the far field. The far-field spsctra, therefore, arc soutid
pressure level (SPL) spectra.

4.1.1.1 Interndl Measurenents.-

The purpose of theé internal spectra comparison was to identify charac- '
tetistic trends in the fluctuating pressure level spectra that might be ob-
served in the far field.
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Plane 3.0, Compressor Discharge

The Plane 3.0 8eéndot, located in the Madar port between theé diffuser
struts (16° clockwisé from “op, aft looking forward), measutres fluctuating
Pressures from the compressor and combustor regions. Figure 4.1-1 ghows the
2-Hz harrowband FpL Spectra to 2000 Hz for the Blade 3.0 waveguide probe and
illustrates the spectra variation with engine core épeed. Predomifiant fre-
queficy regions appear between 200 to 400 Hz and 706 to 1300 Kz, The 1/3-
octave bard spectra shown in Figure 4.1<2 for the compressor discharge plane
reflect the high-energy, dual-frequéncy tegions at higher power settings.

Plane 3.5, Combustor Inlet

The thiee waveguide-type sengors, located at the combustor inlet plane in
the 42°, 102°, and 282° borescope inspeécion.potts. all displayed similar gpec-
tral shapes and FPL'sg indicating circunferential unifortiity of the fluctuating
pressutes in this region, which is just aft of the fuel nozzles and ignitors.
Typical 2<Hz narrowband results from the sensor at the 282° position are stiown
in Figure 4.1-3 for five tepresentative conditions including idle (3.8% Fa)s
approach (30.82 F,), and takeoff (99.82 Fy) power. A genéral increase in
FPL is appatrent with incredsing speed. A bilob&d characteristic is évident
above idle setting in the fréquency regions between 200-500 and 900-1300 Hz.

A similar observation ig noted from the 1/3-octave~band results ip Figute
4.1-4,

Fuel Nozzle Sensors

Two fuel nozzles.located at the 42° and 102° positions were instrumented
with Kulite -tfansduceérs. Measureménts of liquid ( fuel) ptessure pulsations
were made along with the fluctuating pressure médsurements acquired with the
waveguide serisors in the gaseous media. Comparisofis were made of the spectra

Fuel System Operation

The Cr6-50 fuel systei, as related to the combustor noise medusremernts,

consists of the main fuel pump, main efigine control, fuel manifold, and fuel
nozzles.

contaifts rotating parts that transmit signals to the liquid fuel. 4 schematic
of the CF6-50 fuel system and main fuel pump showing the path of combustor

fuel flow is illustrated in Figure 4.1-5., Fuel enters the pump from the fuel
supply. The fuel for combustion ig directed into a centrifugal bo
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gear element, increasing the pressure of the fuel delivered to.the main engine
control and eventually to the fuel manifold and fuel nozzles.

The high-pressure gear element contains two positive displacement, count-~
er rotating, 12-tooth grars. Fuel flows around the gears, and .the gear teeth
push the fuel through the passcges. This action is similar to an air chopper
siren device (previously used for acoustic tests) which allows air to pass
through a rotating disc containing numerous wniform slots and then dischargiag
the air through a single orifice to gencrate multiple tones.

The combustion fuel delivered to the fuel manifold is of high pressure
(>69.03 atm, 1015 psig). The fuel manifold supplies fuel to the 30 fuel noz-
zles vhich consist of 3 different types. A fuel nozzle schematic is shown in
Figute 4.1-6. Onhe-half of the fuel rozzles are the dual flow primary~secondary
type. The pritiary passage is always opea and fuel flows through it anytime it
is present in the nozzle (at 411 conditions). Fuel flows thfough the secondary
pasidages only vhen the pressure differential acrose the fuel divider valve is
sufficient to open the valve (about 14.28 atm, 210 psi).

There are 14 secondary-only type fuel nozzles. Fuel flows through these
nozzles when the flow divider valve 4P reaches approximately 16.33~17.0 atm
(240-250 psi). These nozzles cut on at highet power settings than the primary-
secondary nozzles. A special dual-flow nozzle is used between the igniter

plugs to provide a primaty flow for better flame cross propagation at light
off.

Comparison of Fuel Nozzle and Plane 3.5 Spectra

The narrowband FPL spectra from the fuel nozzle sensors are displayed
in Figures 4.1~7 and -8 for six speeds covering the CF6-50 operating line.
Several listinct tones are noted throughout the frequency range. A few of
these tones have been identified as being directly related to the fuel sys-—
tem. A predominate tone around 200 Hz is thought to be associated with the
fuel nozzle flow divider valve spring critical frequency which was determined
from vibration tests to occur at approximately 200 Hz. The first harmonic of
this tone is apparent in the 400-Hz region of both nozzZles at each speed.
The two 12-tooth drive gears which pressurize the fuel in the main fuel pump
were identified as the souice of two more prominent tones. They are related
to the gear tooth passing frequencies, occurting as a 12/rev and 24/rev of
the fuel pump speed which foniis a 0.584 ratio with the engine core speed.

The broadband of the primary-secondary nozzle spectra in Figure 4.1-7
suggests a bilobed spectral characteristic., The first notable region occurs
between 250 and 500 Hz, while the second occuts between 1200 and 1600 Hz. A
more dramatic display of the broadbaiid characteristic is found in the second-
ary-only fuel nozzle spectra in Figure 4.1-8. The most predominant broadband
lobe occurs at the higher frequencies between 1200 to 1600 Hz, while another
lobe is found in the region between 400 to 700 Hz, but is not as well defined.
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The narrowband spectra from the waveguide sensors located at 42° and 102°
in the combustor inlet, Plane 3.5, and at the same circunferential positions
as.the instrumented fuel notzles, are shown in Figures 4.1~9 and 4.1-10, re-
spectively. The spectral variation with engine core speed of the 42° waveguide
sengor in Figure 4.1-9 shows that the spectra develops a bilobed shape that is
constant with increasing speed. Peak regions occut between 300 to 400 H and
1200 to 1300 Hi. They correspond to similar regions noted for the associated
secondary-only fuel nofzle spectra. The waveguide spectra at 102° (Figure
4.1-10) indicates a similar bilobed characteristic with peaks occurring in the
same frequency regions as indicated for the primary-seconddry fuél nozzle 8péc~
tra in Figure 4.1-7.

A comparison of the fuel nozzle 1/3-OBFPL Spectra to the spectra of the
corrésponding waveguide sensor at the same circunferential position indicates
the regions of spectral shape similarity on & 1/3-octave basis 6ver the range
of operating conditions as illustrated in Figures 4.1-11 and -12.. The plots
in Figure 4.1-11 show that the primary-secondary nozzle exhibits peaks between
the 250- to 500-Hz 1/3-octave bands and between the 1000- and 2000-Hz. bands
which tend to match similar regions im the vaveguide sensor at 102° for con-
ditions above idle. :

The secondary-only nozzle spectra forms three proginent peaks after the
valve cuts on and reaches full operation at conditions above idle as shown in
Figure 4.1-12. A low-frequency pedk occurs in the 200-<Hz band and is apparent
in both nozzles at all speeds. This is a tone-dominated region as seen from
the narrowbands of Figures 4.1-7 and -8. The tome is attributed to the fuel
nozzle valve spring critical frequéncy which occurs at about 200 Hz.

The midfrequency peak in Figure 4.1-13 overlaps with the 250-500 iz
region in the primary-secondary nozzle in Figure 4.1-11., It extends from
approixmately 400 to 630 Hz. But at takeoff, it matches the primary-gecond-
aty region. This region has been typically denoted ds the region where the
peak in the core noise gpectra oecurs.

A third peak is apparent in the tegion between the 1000- to 2000-Hz bands
in both fuel nozzles and waveguide sensors. This is most ptobably the result
of the large broadband lobe and not the tones identified in this region fiom
the narrowband spectra.

Observations from Fuel Nozzle Comparigons

1. 'The spectral shapes of the fuel nozzleé dnd combustor waveguide
sensor measurements are similar. The degree of eimilarity in-
créases with increased speed. However, the pedak regions do not
vary with dpeed but remain in fixed frequency bands.

2. The internal spectra exhibit a bilobed shape with pedks occurring
between 300 to 600 Hz and 1200 to 1600 He. The low frequency peak
cofresponds to the typical frequency range associated with combustor
noise.
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3. The fuel system components are the source of several of the tones
apparent in the narrowband spectra of the fuel nozzle measurements.
Some of these tones have been identified in the far-field measure-
ments at idle condition (see Reference 4). T

Plane 4.0 Combustor Diechatge

The measureuents at the. combustor discharge plane, 4.0, wete made within
the high-pressure-turbine nozzle didphragm. The flow through. the nozzle
diaphtagm is choked at the exit (throat) over most of the operating conditions
above idle. The Mach number at the sensor location is & relatively constant
0.55.. Figure 4.1-13 illustrates the narrowband spectra.variation with.core
spéed. A similarity between spectra shape at this plane with the combustus
inlet is appatent from d.comparison with Figure 4.1-3. The 1/3-octave-band
spectra (Figute 4.1-14) shows a lobe in the 250- to 800-Hz frequency region.

The higher frequencies (>800 Hz) show a general iiicrease in FPL at &ll
core gpeeds.

Plane 8.0, Core Nozzle Discharge

The sound-separation probe used at the exit of the ¢ore exhaust nozzle
was positioned at a central immersion in the exhaust annulus. Figure 4.1-15
illustrates the variation with engine cote speed of the narrowband spectra
from the forward (A) Kulite on thé probe. The low pressure turbine BPF's of
the first, second; and third stages are noted at the idle power setting of
3.8% F,. These tones disappedr from the spectra range at higher speed poiuts.
The shape of the spectra remain about the same tliroughout the engine operating
range. The 1/3-octave-band spectra displayed in Figure 4.1~16 show similar
trends. The lower power settings (<30.8% F,) indicate a peaked frequency
région around 200 to 630 Hz which spans the typical combustor noise region.

A summary of the internal pressure spectra (FPL) variation.with engine
spéed is presented in Figure 4.1-17 for the six conditions covering the
operdting range. This figure illustrates the trends ftom each of the
interudl sensors in relation to each othet.

4.1.1.2 Far-field Measuremerits

The far-field medsurements taken in conjunction with the internal measure-
ments at each test condition were processed in 2-Hz narrowband and 1/3-octave-
band spectra. 4n inidication of the vuriation of narrowband spectra content
vith engine core speed is illustrated in Figures 4.1-18 through 4.1-22 for
&coustic far-field angles of 30°, 60°, 90°, 110°, 120°, and 150°, respectively,

The narrowband spéctra at idle show several tones at various angles
around the &rc, some of which oceur at higher frequencies as a function of
core speed. The most predomiriant tone in the far field at all speeds is the
fan blade passing frequency (BPF) (A). Other tones at idle power, in addition
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to the fan BPF, include the fan booster BPF and fan second harmonic (B), those

ftom the fuel pump gear (C and D), and low-pressure turbine third and second
stage BPF's (E and F)..

The fuel punp gear tones. (C and D) were idéntified in the internal FPL
spectra from the fuel nozzle sensors. These results show that the fuel system
colponents are the sources of several tonés appatent in the far-field data at
low power settings near idle.

The 1/3-octave-band far-field spectra presented in Figure 4.1-23 illus-
trate the spectra variation at selected angles versus core speed. They sup-
port the narrowband results previously discussed. The spectra at the typical
peak cote noise angle of 120° shows the SPL to peak around 400-500 Hz for con~
ditions below 30.8% F,. Similar peaked regions are noted at 110° and 90*.

4.1.2 laternal Spectra Comparison from Engine Outdoor Stand and
Test Cell

—————————

The CF6-50 engine internal measurements acquired during the core noise
investigation with the standard production anhular combustor were compared
with similar measurements obtained on a CF6-50 engine with a double annular
combustor run in a test cell (Reference 2). The putpose of the comparison
was to check the general gpectra levela within éach combustor and mote dif-
ferenceés. The idle, approach, and takeoff power séttings were #élected for
comparison. Engine results were céompated on a 1/3-octave~band FPWL spectra
basis to account for differences in state properties and combustor areas.

Figure 4.1-24 shows the €F6-50 internal powef spectra comparison at idle
for Planes 3.0, 3.5, 4.0, and 8:0. 'The open symbols reépreseant the standard
annular combustor results obtained in the eore noise progtam, wvhile the solid
symbols represent the results obtained in ECCP Phase III on the double annular
combustor:

The power spectra at Planes 3.0, 3.5, and 8.0 agree within 5 to 8 dB
above 250 Hz (except for the 400-Hz tone in the EGCP Phase Il data). The
spectra shapes are also similar. A large difference is noted at Plane 4.0
with the standard combustor data falling 10 to 15 dB below the double annular
results. One possible explanation of the differences observed between the
two combustots could be the pilot-fuel-only operation of the double annular
combustor at idle as opposed to the alternate fuel nozzle operation for the
standard combustor. The pilot-fuel-only operation at those low power gettings
generally produced higher FPWL's as noted in Reference 2.

The dpptoach-power coiparison illustrated in Figure 4.1-25 shows a much
closer agreefient of both spectral shape and level. This condition has all
fuel nozzles operating for both the standard and double annular combustors.
The difference of about 10 dB at the low frequencies (<250 Hz) in the core
exhaust (Plane 8.0) may be the result of higher turbulence experienced on
the core probe with the factory plug nuzzle installed for the test cell run
(ECCP Phase III). A long fixed nozzle was used on the core exhaust for the
outdoor test of the engine. It offered a smoother, more gradual expansion
path to the exhaust flow through nozzle.
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The conparison at takeoff .powér in Figure 4.1-26 shows sagreement . in spec~
tra shape at Planes 3.0, 4.0, and . 8.0. The Plane 3.5 spectra. for the standard
caiibustot are more peaked in the 315-500 Hs region than the. génerally fiat
rising shape of the double annular spectrum. Differencés of 5 to 8; dB lower
FPWL are noted &t Plane 4.0 with the.standard combustor. . -~

These comparisons indicate géneral agreement of spectra levels for both
tests of the CP6-50 engine.. Differences in épectral shape are expected since
the cotbustors ate not the same.

4.1.3 Coaparison of Engine Test to Duct-Rig Results with
Standard Combustor

The internal measurements obtained on the CF6-50 engine with the ot an=
dard production amnular coabustor were compared with measurements previously
obtained on a similar type cambustor during full-scale snular canbustor rig
tests (Reference 1) for the Experimental Clesn Combustor Progran. Two points
were selected for comparison based on similarity of fuel-air ratios and inlet
flow functions (We/Ty3/Ppy). 'The selected conditions are shown in Table 4.1-1
and include the approach and takeoff power settings. They are Readings 317
and 321 from ECCP Phase II and Readings 551 and 567 from the current progran.

The setup for the duct-rig test is detailed in the ECCP Phase Il final
report (Reference 1). The acoustic probe_locations for these tests were as
illustrated in Figure 4.1-27. The engine and duct-rig acoustic measurement
plane locations were not identical, as noted in revievifig the engine plame
locations in Figure 3.6-1.

The data for comparison included the inlet and discharge measurements
from the component test and Planes 3.0, 3.5, and 4.0 from the CF6-$0 éngine
test. The différences associated with the state propetties, medsurement plane
area, and flow Mach numbers were accoumted for by using the measured 1/3-
octave-band power level spectra which were based on fluctuating pressure mea-
suréments at each plane. An assumption was made that the noisge geénerated in .
the combustor propagated in the plane-wave mode past each sensot.

The approach power setting comparison in Figure 4.1-28 indicates agree-
ment of engine and duct-rig data in the low frequencies ({250 Hz) at both.
inlet and discharge stations. The duct-rig results above 315 Hz show di ffer-
efices of 10 to. 15 dB above the engine data.

The efgine power spectra at Plane 4.0 from this progrdam adgree well in
shape and level with the component data in the discharge for the low frequen-
cies. The Plane 3.5 sensor in the borescope port is about 3 dB highee than
the duct-rig data over the seme frequenicy réfige .

The engine-to-duct-rig spectra comparison for the takeoff condition in
Figure 4.1-29 shows a much wider separation between the data sets over the
frequency range for both inlet and dischaige. In gereral, the shapes of the
power spéctrd from the engine and duct-fig ire similar, éspecially in the dis-
charge regioa.
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NOTE: The filled symbols represent duct rig test data.
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NOTE: The filled symbols représent duct rig test data.
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A autber of differences exist betweeii the engine and duct~rig combustor
configuration as noted in Reference 2. Theéy include differences in measure-
meént plane location, instrumentation, the predenice of a choked turbine nozzle
diaphragm in the engine, and the variations in test conditions which all com=._
tribute to the differences in levels apparent betweéen engine and duct rig.

However, the overall engine-to-duct-rig camparisons with the standard .combustor
show good results.. R

4.1.,4 Aeérodyiiamic Parameters

A summary of the engine astodynamic performance information for the
CF6-50 core noise program is found in Table 4.1-2. The pet fonmance data
were obtained from an average of two DMS. (Data Management System) readings
‘taken online 4t the beginning and end of each steady-state condition. The
data were supplemented by data. from the etigine-run logs and cross plots from
the sea level static c¢ycle for this engine to conplete the performance infor-
mation. Static pressures and temperatures determined from isentropic rela-
tionships are included in the table along with an estimate of the local Mach
nunber at each measurement plane. A total of 14 points is listed in the
table which include repeat readings at 3.8% F, (idle), 30.8% Fy (approach),
45.62 F,, and 85.5% Fy (climbout) which weré taken to¢ check data, repeat-
ability over the opérating line.

The CF6-50 core noise derodynaiic parameters computed from thé engine
performance information are listed in Table 4.1-3 for eéach test condition.

4.2 SOURCE LOCATION FROM INTERNAL MEASUREMENTS

The identification of the primary noise source lo¢ation within the CPF6-50
combustor was accomplished through the vectoring of the time delays from cross-
correlations between paits of internal sensors. The sensor pairs consisted of
a forward sensor which provided the iaput signal and an aft sensor for the out-
put signal. A review of the signal résoli. .on with various c¢ombinations of
internal sensors, including the downstream sensors in the core exhaust nozzle
probe, showed the best combination of sensor pairs for this analysis to be be-<
tween Plane 3.0 to Plane 3.5, Plane 3.5 t6 Plane 4.0, and the sensors between
Plane 3.5 (42°) to 3.5 (102°) and Plane 3.5 (102°) to 3.5 (282°). cCross=corre-
lations between any of the combustor sensors and the downstream probe in the
core exhaust gave poor resolution (pxy < 9.1) and, consequently, were not used
in the source location investigation. A quantitative evaluation of the fre-
quency bands associated with the time delays from the cross-correlations was
détermined through the use of the cross-spectrum phase for each sensor pair.

The conditions investigated included five low-power settings from idle

to approach and three higher power points gbove approach to the takeoff con-
dition. Restricting the majority of the source location investigation to the

low power settings gave better résolution to the cross-correlations between .. _....

sensors,
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Table 4.1-3, CF6-50 Core Noisé Aerodynamic Parameters,

1

é Metric inits 4

,v . T e T | ]

Point ¢ DMS Ragi | 2 5, | Ny/vBy | wys W3 Pr3 A t/a aFa3 |aPu3/Pry | At | YR | mE . 1

Ro. |(hverage) | (hom) | rpm - | kghec ka/séc kg ;%' Kgt/kga | at ] K |o/sec| ¥ | wate/&d-pa ]

. R i . sec-atm-ia2 _ e 1

L1 344=545 | 3.8 6564 | 15.8 | 14.9 816.2 0101, 12 | 382 |407.3 (12,6 | si39.0| 2959
1R 569-570 | 3.8 6466 | 14.9 | 14.0 193.7 .0106 0L | 0.30 [408.4 12,1 | s411.8] 3081
2 571-872 | 15.0 8034 | 42.8 | 40:% 1672.7 <0109 36 | 492 [388.3018.7 |16048.0 374.9

3 S4t-848 | 22.8 84521 55.4 | s2.4 1024.4 .0120 471 4.76 [a50.6119.9 [22843.8| 394.9 1

4 549-550 | 26,7 8660 | s8.8 | ss.6 i081,7 .0120 A2 1 4.0 f468.3)19.7 [24287.9 395.7 b

S 531-852 | 30.8 886 | 62.9 | 59.4 1052.4 0131 33 4.85 |495.0 |19.5 [28282.8] 414.7 ‘

SR 513-574 | 30.8 8697 | 62.9 | 49.4 10497 0132 57 | 4.88 [493.4 119.5 [28364.4 | 4144
6 557-558 | 36.5 8882 | 70.1 | 6.2 1048, 1 0139 61 | 4.38 |s29.5119.8 {334a9.8] 4333
7 s6i-562 | 4s.6 9106 | 78.2 | 73.9 1027.9 0134 671 4.33 1521.1119.9 a1d36.4 |  4d6. 7
TR 575 45.6 9106 | 78.4 | 7.0 1027.8 0158 69 | 4.6 |571.7119.8 [a1608.4 | 4591
8 563-564 | 67.8 9668 1 10:.8 | 9d6.2 10235.2 .0182 91 1 433 1688.3]20.6 [63364.4] s15.1
9 565-566 | 85.5 9964 | 112.6 | 106.4 991.0 0201 Lt 452 (9034 | 20.4 (777777 540.9
9R 578 8.5 964 | 112.9 [ 106.6 992.9 -0266 1 1.06 | 4.30 |[711.1]20.8 78286.7 |  348.7

10 S67-568 |99.8 | 10281 ]120.1 | 113.4 936.6 0230 | 123 | 4036 |743.9]197 9%4638.6 1 571.0 i

o Eiglish Units T

X , 2367753 ‘ S¢ x 106
Point | DMS Rdgs | X P& | 8p/v8; . Was Wy Pi3 A3 | f/4 aP43 | aRy3/Br3] 8Ty, Vi HRR -
. |{Averige) | (foa) £l | lb/sec | 1b/sec| 1 /U R|10€6/16a | pei 3 R |ft/sec] kw e
—_— HF~fi 3-atm
sec~1b
1 544-545 | 3.8 6564 .8 32.81 0.1200| .ot01 | 1.76]| 13.82 1331 456 | 5439.0 2.898
IR 569-520 | 3.8 6444 | 32.8 0.9] o.1028 | L0106 | 0.15| 0,30 | 7351 39.8 | 5411.8 2.988
2 571-572 | 15.0 80341 94.4 89.31 0.1394 | o109 | 5.29| 4.92 | e99.0 61.3 118045.0 3.672
3 547-3548 | 22.8 &s21122.1 | 15.5) 0.1391 | .6120 | 6.91 4.76 | 811.0| 63.9 | 22843.8 3.868
4 549-550 | 26,7 8660} 129.6 | 122.6] 0.1405 | 0120 6.17 | 4.01 | 843.0( é4.8 | 24257.9 3.876
S 551-552 | 30.8 8586 | 138.7 | 131.0) o0.1366 | o131 .79 1 4.55 | 891.0 | 4.1 | 28282.8 4,062
SR 573-574 1 30.8 86971 138.7 | 13i.0 0.1362 | 0132 | 8,38 4.88 8.0 | 63.9 | 28364.4 4,059
6 557-538 | 36.5 88821 154.5 | 145.9 0.1356 | L0139 | 8.97] 4.58 | 953.0| 648 33449.8 4.20%
? 561=562 | 45.6 9106 1 172.4 | 162.9] 0.1336 | .0154 9.85 1 4.33 {1028.0] 65.2 |41336.4 4.473
i 575 48.6 91061 172.8 | 163.1] 0.1336 | .0155 |16.14 4.46 11029.0| 65.1 |41608.4 4,503
8 563-564 | 67.8 9568 | 226.4 | 212.1| o0.1331 -0182 113.38 | 4,33 | 1185.0] 67.7 | 63364 4 5.046
9 565-566 ]63.5 9641 208.2 | 334.6| 0.1287 | .o20) 16.32 1 4.52 | 1266.0] 66.9 | 27777.7 5.298
9R 578 85.5 9904 | 248.9 | 235.0| 0.1289 -0204 115.58 | 4,30 | 1280.0] 67.2 | 78756.7 5.345
10 567-368 | 99.8 | 10281 | 264.8 | 250.6 0.1215 | .6230 |i8.08 | 4:36 | 1339.0 6.5 | 94638.6 5.593
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Identification of Source Location from Vectoring of
Ctoas-COtrefatién Time ngfazs

A low power setting of 153 Fy was used to illustrate the éfoss-correla=
tioth résults from the eight conditions investigated. The resuits presented
for this condition are, in gefieral , typical of all of the other power settings.
A summary tabulation of the time delays from sensor pairs at all test points
is presented in Table 4.2<i,

The internal sensor pairs from Plane 3.0 (16°) to 3.5 (42°) indicate a
negative time delay (<0.85 msec), as seen in Figure 4.2-1, for the predomi-
nant peak which ¢orresponds to a velocity of 485 w/s (1591 ft/sec) when using
a linear distance between the sensors of 0.4125 m (1.353 £f¢). This velocity
i8 close to the acoustic velocity of 460.2 m/s (1510 ft/se¢) computed for this
condition at this location. The negative time delay indicates that a wave mov-
ing at acoustic propagation speed is traveling in an upstresm direection from
Plane 3.5 to 3.0. Similar results are determined from negative time delays

obtained between the Plahe 3.0 sensor with Plane 3.5 (102°) and 3.5 (282°)
sensors.

The Plane 3.5 sensérs paired with the Plane 4.0 gensor in the HPT nozzle
diaphragm at the combustor digcharge showed primarily positive or very near
zero time delays. Figure 4,22 illustrates the slightly positive time delay
(0.04 msec) for the Plane 3.5 (42°) to 4.0 (92%) sensor pair, while Figure : }
4.2-2(b) indicates a slightly negative time delay (~0.03 msec) for the Plane
3.5 (102°) €o 4.0 (92°) sensor cambination. This very small (&) time de- o
lay suggests the acoustic signals in this vicinity are reaching both the Plane :

3.5 (42°), 3.5 (102*), and 4.0 (92°) sensors almost simultaneously. The wave 1
directions are suggested to be generally nérmal to the iinear distances between '
sensors at each plané and propagating in an aft direction. The double-peaked :
time delay resulting from the cross-correlation between Plane 3.5 (272°) to ‘
Plane 4.0 (42°) in Figure 4.2-2(¢) illustrates the forvard and aft movement of o
acoustic waves between these sensors. : f

A look at the time delays associated with the Plane 3.5 sensots at
differeat ¢ircumferential locations indicate a positive delay time of 0.2 msec
between Plane 3.5 (42°) to 3.5 (102°) in Figure 4.2-3. 'The Plane 3.5 (102°)
to 3.5 (282°) cross=correlationt shows & double peak with positive atd negative
time delays in Figure 4.2-3(b) which is similar to the results betweenn Plane 1
4.0 (92°) to Plane 3.5 (282°) (see Figure 4.2-2). This suggests that the two
or more 8ets of waves are moving circunferentially around the combustor in .
this region. Figure 4.2<4 sunmarizes the results of this comparison and
illustrates the time-delay vectoring at 15% Fy, which is typical of other
conditions. 1

. PR

; 4.2.2 Source Content Evaluation from Cross-Spectra Phase

' The cross-spectra phase associated with edch cross-correlation between
interval sensor pairs was determined to quantitatively identify the frequency

| regions associated with éach time delay peak, since there was often more than

I
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Normalized Correlation Coefficient

® CF6-50 Engine Test o 15% Fn
.l. . P venes o ¢ PO L N - v i Ve
M/f = -.85 msec
) —t /ﬁ . 4 mqﬁﬁd{f{!*
--2
a) Plane 3.0 (16°) to 3.5 (42°

-4 ] L [ W

olt -

' '(-1‘ = -1 5 :'mec

.2

L
IR

N ‘\/\/

-.2 e
“ | b) Plane 3.0 (16°) to 3.5 (102°)
-oh L Y DY PR MU | [ | "
A I . —— : —
b T o -1-7 msec
/M . /q¢— “»ln
iy B c) pitaqe }.o '.1le°) tlo 355'(2821°)_L
-8 -k 0 [ 8

Tinie Delay, T , msec

Figure 4.2-1. trosé-Correlation Results Between Combustor

Sensors at Plane 3.0 and 3.5.
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Figure 4,2-2, Croas-Cotrelation Resuilts Between Combustor .
Sensors 4t Plane 3.5 and 4.0.
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Figure 4.2-3; Cross-Cotrelation Results Between Combustor
Sensors at Plane 3.5.
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otie peak. The time delay of the cross-cortélation was femoved from the ctoss~
spectrum phase (within the limits of comput ational practicality) to give &
near zérc phase shift to selected frequency regions. ldentification of corre-
lated frequency tegions associatéd with the predominant time delays from the
crogs-correlations between combustor sensor pairs was accomplished through

the use of the éross-spectrunt phase at the output gignal . The cross-spectrun
phase plots indicate the frequency regions that have heaf geto phase shift.
these geéro phase frequency tegions are the frequencies that move at the wave
propagation speeds defined by the time delay peaks.

Figure 4.2=5 illustrates the zero phase frequency regions in the eross-
spectrum phase plot that correspond to the time delay peaks in the cross-cor=
relogram of a pair of sensors from 3.0 to 3.5 (42°) for the 30.8% F, Cap~
proach) condition. The first correlation peak in Figute 4.2-5(a) is at a nega~
tive time delay of -0.625 mse¢ and is agsociated with a region of frequencies
between 500 to 850 Hz, {1lustrated by the near zero phase region of the cross=
gpectrum in Figure 4.2-5(b). The second correlation peak at -2.50 msec in Fig-
ure 4.2-5(a) is associated with a lower frequency region between 100 and 350 Hz
as geen in Figure 4.2-5(¢). Both of these bands of frequencies are traveling
upstrean but at different times vhich may suggest different propagation paths
in the same general direction.

Figute 4.2+6 illustrates that the frequency band agssociated with the
time delay peak between the Plane 3.5 sensor and the one at Placme 4.0 (92°)
for the 30.8% F, condition {s concéntrated at frequencies from 500 to 1000
Hz. The slightly negative time delay suggests that this zero phase ehi fr
band of frequencies feaches both sensors almost simultaneously, but that the
gignals have & generally forvatd direction of propagation at this location.

The results from thé circumferentially displaced sensors at Plane 3.5
ghow in Figure 4.2-7 that the signal is traveling from the sénsor at 42° to
the one at 102° and is comprised of the lower frequenciés between 100 to 400
Hz which generally are attributed to combustion noise... The higher frequencies
are asgotiated with the small peak at zero time delay:. The phase angle is
increasing at a very slow rate above 500 Hz due to the small ‘time delay assoc¢i=
ated with these frequenéies. .

A similar comparison conducted at the takeoff condition (99.8% Fy)
ghows that correlated frequency regions between 600 to 1000 Hz and 200 to 400
Hz occur (Figure 4.2-8) for the Plane 3.0 to 3.5 (42°) sensors which corre-
spond to the time delays of -0.8 and ~-1.9 mse¢ noted in the cross-correllogram.
The low (negative) anplitude of the -0:8 msec peak is the result of the 100-
to 1000-Hz frequency band influence on the high frequencies above 600 Hz.
§ince both of the time delays are negative, the waves are moving forward and
contain acoustic_energy regions comprised of the frequencies ijdentified above.

Figure 4.2-9 shows the frequencies above 500 Hz to be 4t zero phase with
a time delay of -0.078 msec for the Plane 3.5 (102°) to 4.0 (92°) sensors at

the takeoff condition. These frequencies dominate the region between the sen-

gors and appear to move in a forward directionm.
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Normalized Correlation Coefficient
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Sensors from Plane 3.5 (42°) to 3.5 (102°) for
Approach.,
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The ¢otrelatéd frequency region in l?-i.guté 4.2-10 between the combustor
sendors from Plane 3.5 (42°) to 3.5 (102°) is primarily comprised of low fre-
quencies (100-500.Hz) which travel with a positive time delay (+0.703 -leé).
dpparently in a ¢ircumfereritisl path sround the canbustor. e e+ e

4.2.3 Sumary of Source Losation Investigation

The predominate time delays and correlated frequency regions for all test
conditions used in this analysis were determined and are found in Table 4.2-2.
The emplitude of the normalized cu.relation coefficieént at each of the time
delay peaks is also listed in the table al with an estimate of the acoustic
velocity obtained from the usual sonic velocity éqution and approximate magni~
tude of the time delay (not direction), based on the linear distance batween
sefisor pairs.

A réview of this table indicates that the estimiated time delays between
Plane 3.0 to 3.5 agree well with the test results, except for the direction.
The results between Plane 3.5 to 4.0 are not as clear since it has been pre-
viously shown that acoustic waves are traveling all over this region and not
necessarily in the aft direction.

The vectoring of the time delays from the cross-cortrelations indicates
that the location of the primary noise soutce within the standard production
cabustor is between Platie 3.5 and 4.0 as defined by the presence of near sgero
time delays. 1t ig also apparent that more than one group of frequencies con-
ttibutes to the sources within the combustor, and that these groups of frequen-
c¢ies tréavel different pdths and , sometimes, in different directions.

4.3 COHERENCE AND TRANSFER FUNCTION ANALYSIS

4.3.1 Internal Coherence and Transfer Fumetion Results

Comparisons of coherence function results at each measuranent plane were
reviewed along with selected results from the transfer analysis. Appendix A
presenté the coherence and transfer function results for seven power settings
(3.8, 15, 22.8, 26.7, 30.8, 36.5, and 45.5% Fu). Positive time delays deter-
tined from crods-correlations between pairs of gengors were inéorporated into
the data to atcount for phase differences between sensors. Where negative
time delays were observed (which indicated that the éiguals were traveling
opposité to the assumed diréction), a zero timé delay wus input. The ertor
introdiwced by this procedure was estimated by the method outlined in Section .
3.7. It results in an error of approximately 0.004% of the true coherence
value, which is negligible.

Coherence function comparisons are shown in Figure 4.3-1 for the com-
pressor discharge to combustor inlet Planes 3.0 (16°) and Plane 3.5 (42°)
at conditions of 15, 30.8, and 45.5% F,. The coherence levéls range from
0.2 to 0.5, or more, over the engine power settings investigated; the spectral
shapes are similar.
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Table 4,22, Summary of Source Location Parameters for CF6-50 Combustor,

Pétcent Net Thrust, % Fn

n b, 3.8 15.0 22.8 26.7 3.8 . 36.% 45.5 99.8
Corrécted Coré Speed, rim ' 3 f
 Crani-Correlation P‘;,’ 6582 8036 . 8452 8660 | asaei 8881 9106 10281

¢ Pline 3.0 (16°) to 3.5 (42°) lifiear Distance d.= 0.4125 & (1.353 £r)
meec) + 3 | 4.9 -.83 -9 -.8 -.625 -.664 -.781 -0.8
2 -2.80 -2.578 -1.9%3 -1.9
bgy 1 | 0.54 0.32. 0.21 . 0.17 0.124 0.09% 0.150 --
2 0.198 0.253 0.243 0.2
(He)  af 1 | 0.2¢0.8 0.45-0.8 0.5-0.7 0.50.8 0.5-1.0 0.540.8 0.6-0.9 0.6-1.0
2

. 0.1-0.%  0.1-0.4 6.1-0.3 ¢.1-0.4
YO 409.3  460.2. 480.4  484.0 4904 499.3 . 510.8  s38.3.

(tidec). |Yeqt) 1.00%7 0.896 0.8%8 0.852 0.841 0.826 0.807 0.742.
¢ Plané 3.0 (16%) to 3.5 102%)]

Litiear Distirice d & 0.7404 m (2,429 f¢)

(hsec) ¢ 1 | -1.2 -1.% -1.% -1.% =1.406  -f.367 -1.328
2 ~2.73. -2.6%6 -2.817
bxy 1 | 0.40 0.25 0.18 0.19 0.179 0.134 6.17%
2 | 0.127 0.150 0.109
(kHE) 3 1 | 0.45-0.8 0.4-0.8  0.520.8 0.5-0.8  0.5-0.9 0.5-0.§ 0.5-0.9
- ] 0.1-0.3  0.1-0.3 0.1-0.2
/@) & 409.3 460.2 480.4 484.0 490.4 499.3 510.8 £55.3 ,
) (asec) [tege) | 1.809 1.609 1540 1,529 1.510 1.483 1.449 1.333 ‘ \}
o Plédé 3.0 (16%) o 3.5 (282°) Lidear Distance d & 0.7622 s (2.50 f¢) L]
(iec) ¢ 1 | -1.8 -1.7 -1.6 -1.6 ~1.406  =1.65 -1.445 1,10
3 _ .
oxy 1 | 0.44 0.34 0.15 0.15 0.131 0.115  -0.109 0.08 ]
2 .
(KHE)  af 1 | 0.4=0.7 0.4~0.7  0.5-0.7 0.5-0.7 0.5-6.8 0.4-0.8 0.5-0.8 - ot y
(/8) T 409.3  460.2 480.4 4840 4906  499.3  Sio.8  555.3 i
(isac) |Year| | 1.862 1.656 1.586 1.574 1.556 1.526 1.492 1.372 \ :
e Plaie 3.5 (42°) to 4.0 (92°) Livesr Distance d * 0.4679 m (1,535 f0) ) :
(msee) : 3 | o 0.04 0.1 0.1 0.195 --0.11? 0.117 0.1%6 ]
2 , e}
bry 1 | 0.2 0.26 0.23 0.2 0.21 0.182  0.1499 .08 ;
2 , .
(Kig)  &f 1 | 0.1-0.4 0.3-0.5  0.4-0.5 0.4-0.6  0.4-0.6 0.4-0.6 0.5-0.8 ..
2 ,
m/s) © 486.3 527.3 554.1 559.9 569.4 581.6 597.4 658.4 <
(msec) [teqel | 0.962 0.887 0.844 0.836 0.822 0.804 0.783 0.711 \
L. . e N , .
ot i
1
1
]
|
’ l
* |
,' !
| . ’ {
|
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Table 4,2-2,
(Concluded).
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Suninary of Source Location Parameters for CF6=50 Combustor

Percent Nei Thiust, X Fa

ios sre Sodid . i 3.8 15.0 22.8 2.7 30.8 36.5 45.5 99.4
CPomactotretosioneed, iva 6582 8o 8452 d660  dese  sasl 106 10281
e Plifie 3.5 (102°) o 4.0 (92°) Lidear Distancé d # 0.2860 m (0.938 £¢)
(gec) « 1 | -0.10 -0.03 0 - -0.039 0 -0.039  -0.078
2
Pxy 1 ] 0.62 0.46 0.38 0.08 0.362 0.343 .288 0.13
2
(KHz)  4f L 10.1-0.7  0.450.6  0.4=0.7 = - 0.351.4  0.4-0.9 0.40.9 0.5-1.0
. 2
(a/d) & 486.5 s21.3 854.1 559.9 569.4 581.6 597.4 658.4
(maec) |tese| 0.588 0.542 0.516 0.511 0.502 0.492 0.478 0,434
o Plane 3.5 (282°) to 4.0 (92°) Linear Distance d & 1.2883 m (4.227 f1)
(msec) « | |1.2 14 - 1.45 1.523 1.35 1.4 11
2 -9 -1.63 -1.52 <1.602  ~t.60 <1.7 -1.3
Pxy 1 | 0ius 0.16 0.09 0.08 0:137 0.07 0.08 .05
v 2 }o.26 0.085 0.08 0.105 8.07 0.095 0.05
(kuz) Af 1. |- - - - - - -
2 - - - - -
(a/s) C 486.5 527.3 554.1 559.9 569.4 S8i.6 597.4 658.4
(msec) [test| | 2.648 2.443 2.325 2,301 2.263 2.218 2.157 1:957
e Plane 3.5 (42°) to 3.5 (102°) Linedr Distancé d & 0.4409 @ (1.446 £1)
meec) t 1 }]o.3 0.2 0.3 0.35 0.43 0.469 0.430 0.703
2 ] ~0.2 -0.5 =0.5 _ ~0.352 L
oxy 1 fo.a8 0.36 0.27 0.26 0.3185  0.262 0.27 0.16
2 0.36 0.27 0.23 0.136
(KHz)  af 1 10.0-0.4 0.1-0.3  0.0-0.4  0.1-0.5  0.1-0.5 0.i-0.5 0.1-0.5 0.1-0.5
2 - - - -
(m/s) 409.3 460.2 480.4 4b4.0 490.4 499.3 510.8 555.3
(msec) |Test] | 1.077 0.958 o.9t8 u.911 u.899 0.883 0.863 0.794
¢ Plane 3.5 (102°) to 3.5 (282°) Linear Listance ¢ = 1,3230 & (4.340 £i)
(mgec) s | 1.7 L.6 1.5 1.6 1.7 - - -
2 1-1.2 -1.9 -1.7 -1.9 -1.9 o
Peg 1 f0.27 0.14 0.125 0.06 .07 0.09 0.085 0.06
2 fowr 0.15 0.6 v.u8 0.09
(KH2)  &f ) 0.3-0.4 0.3-0.3 - - - - -
2 -
(w/s) € 409.3 460.2 48u.4 484.0 490.4 499.3 510.8 553.3
(msec) |Vest| | 3.232 2.875 2.7% 2,73 2.698 2,650 2.590 2,382
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Figure 4.3-1. Coherence Function for Plane 3.5 (16°)
to 4.0 (42°).
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Figure 4.3-2 compares the cohérence functiont for Plane 3.5 (102°) to
Plane 4.0 (92°) at the same power settings. At the lowet power setting of
152 Fy, the coherence lévels remain at 0.4 to 0.5 over the low-frequency
region up to 500 Hz. With increasing thrust (speed), the coherence level in .
the low-frequency region (<300 Hz) is reduced, while the levels. at the higher
frequencies between 400 and 600 Hz remain esséntially the same. The relsa-
tively high coherence leévels between the Plane 3.5 to. 4.0 sensors suggests
that a large amount of acoustic energy is present in this region. This ob-

zervation is supported by the results of the source location survey (Section
i .2). :

Between the ecombustor and the core nozzle, only a stiall group of. fre-
quencies. below 100 Hz shows any significant level of coherence (0.3 to 0.4)
at the 151 F, point. Pigare 4.3-3 shows the comparison for Plane 3.5 (282°)
to. Plane 8.0A (270°). The higher. power settings show ¢oherence levels around
. 0.1 and balow, indicating little or. ne similarity between the signals at the
coubustor inlet plane and the core nozzie.

Figure 4.3+4 shows the coherence function in the core nozzle (Planes 8.0A
[ to 8.0B) to possess high levels (>0.5) up to 500 Hz at all test conditions
\ compared. At the 152 F, point, the spectral distribution of the coherence
function peaks in a region between 250 to 600 Hz, which includes the frequen-
- cies associated with core noise. With increasing thrust, the coherence levels
[ in the low frequencies between 100-200 Hz increase from 0.3 to 0.7, indicating
an increase it signal similarity on both probe elements which may be attrib=
! A uted to increased turbulence over the probe.

Typical examples of the resulting transfer funétions (gain and phase)_be=
tween sensors at Planes 3.5 (102°) and 4.0 (92°) are illustrated in Figure
‘ 4.3-5 for the low power setting of i5% Fn. A gzero time delay was used in
l this region because of the small (20.4 ms) delay times determined from
cross=~correlation analysis indicating the close proximity of the source be= 4
tween thesde planes. The transfer function calculations were accomplished with ]
f 100 averages of the 2.5-Hz bandwidth data having a total record length of 40
séconds. The relatively high level of coherence (Figure 4.3-2) for these
) sengors at this condition is reflected in the avérage transfer function magni-
} tude (gain) of approximately 0.1 over the low frequency range from 50 to 500 Hz.
! The phase angle plot, Figure 4.3-5(b), is basically horizontal over the same .
frequency range, indicating these frequencies are in phase. ]

In contrast, Figure 4.3-6 illustrates the transfer function results for ]

the same condition between the combustor sensor at Plane 3.5 (282°) to the ‘

: cote nozgle Plane 8.0A (270°). Recalling that the coherence levels for this ;

I Pair of sensors were quite low (Pigute 4.3-3) for this comdition above 100 {

He, the tranefer function gain in Figure 4.3-6(a) shows levels of about 0.001 :

in this region. The frequencies above 100 Hz show even lower transfer func- -
tion madgnitudes.

© L ———r—

The phase plot for thes: sensors is erratic and does not show any appar-
- ' ent rrequency regions in phase with the delay time computed from cross~correla-
tion analysis. These results are directly related to the low coherence levels
S obtained for this paitr of sensors at all conditious.
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Figure 4.3-3. Coherence Function for Plane 3.5 (282°)
to 8.0 (270°),

117




b iz Db (isan s o dadl A e ol e

e CF6~50 Engine
® IOOAvgi @ Af = 2.5 Hz

4 @ lts.s % Fh

_® T = 40 Sec

1.0 i nieniia *-‘W[

]

o

- ':J'
4
a2

———

0
1.0

Coherence Punction, X 2

Q

'-v"" ' g L4

h

' ® l.SeO%Fn . '

0 “T—r—r—rr v Yy —

50 100 500 10e0 Do
Frequency, Hz

Figure 4.3-4. Coherence Function for Plane 8.0A to ,

8.0B (270°). '




Phase Angle, §, Degrees

e CF6-~50 Engine

e 15.0 % Fn
1.0 o 8 100 Avgs o A =25Hz T = 40 Sec
0.1 -
0.01
0.001 o
0.0001 4
1 a) Transfer Function Gain
L J "‘" " — .' . v L J . A L 4 L2
180 i -

5 b) Transfer Punction Phase
=180 4y - —

L2 L L d l' v LJ v '/ v

50 100 500
Frequency, Hz

Figure 4,3-5, Transfer Function (Gain and Phase) for
Plane 3.5 (102°) to 4.0 (92°),

Y T A A, ¢ Aok U ST AT L M
Ratdfatileas o bRkl b A T A S ol o R AL AR A - it !
5 Y N " .

119




RaSAERY. ... o o bihhid et o i s o I S i ad bt S

v L MCatd
i et Aadkamiiiine 4 D 3 MR

@ CP6=50 Engine

¢ 100 Avgs o At = 2,5 Hz o T = 4O Sec
1 Ot i ™ S6C
4 a) Transfer Function Gain —
0.14
eq_’_ -
2 0.014
-]
o) -
4
0.0014
00001 MNUVIHL J
'V E— l' uli )Lht‘ 1S
O e .
4 b) Transfer Function Phase u{ 3
3 _ { V Iy T
2 S
& y }n ;
- 0.l ) N 1. | -t ,:!
g ] 4( :
L i
g CN 3
. e TRARERNT "N — '

_ Frequency, Hz ii
)-

!

- Figure 4.3-6. Transfer Function (Gain and Phase) for 3
! Plane 3.5 (282°) to 8.0A (270°). j
| o
. y ‘;
; 120 l i
5 ¥




e b s e

. The tranafer function results within the zore nozzle between the Plane
8.0 probe Rulites A.to B are shown in Figute 4.3-7 for the high power setting
at 45.52 F,. A high level of transfer function magnitude (0.1 < |H|2 < 1.0)
is apparent from.50 to 400 Hz. fThis range of frequencies is also in phase,

ag eeen from the horizontal line in Figure 4.3-~7(b) for this regicn. The high

level of coherence in Figure 4.3-4 for this condition is the basis for these
transfer results.

\- 4.3.2 Coherence and Transfer Function Results to the Far Field

. Coherence and transfer functions (gain and phase), with. time délay re-
‘» moved, were computed batween the CF6<50 engine and each far-field microphone
for the seven test conditions evaluated. Mo different internal sensors were
.- useéd as reference signal inputs. .They included the. Plane 3.5 (102°) sensor in
1' the combustor and the. core probe sensor at Plane 8.04 (270%). 1The complete co-
- herénce and tramsfer analysis results.to. the far field are found in Appendix A,

. Selected examples from the analysis are presented in the diseussion which
lr covers the conditions tested.

The coherénce levels achieved with the two sets of engine to far-field
measurements are graphically summarized for the 152 F, and 45.5% F,, settings
at three selected frequencies (50, 100, and 400 Hz). The frequency selections
were based on the observations that the higher ecoherence values were géneradlly
; found between 50 and 100 Hz, while the pedk cotre noise frequency is typically
} identified with 400 Hz. A similar coherent low=frequency region peaking around

120 Hz was observed by the investigators of Reference 9.

Y

-
1

I Figure 4.3-<8 gshows the 50-Hz comparison of the far-field coherence levels

o relative to Planes 3.5 (102°) and 8.0A (270°) for the 15 and 45.5% points, re-
spec¢tively. The figure shows the high degree of coherence relative to Plane
8.0A for this freqeuncy at low power setting over the Plane 3.5 (102°) refer=

| eice. The coherence levels referenced to Plane 3.5 concentrate around 0.1 at
15% Fp, while at the higher power setting (45.5% Fy) the levels are below

(- the 0.1 colietence value established as a minimum level for analysis purposes.

Similar éomparisons of the Plane 3.5 and Plane 8.0 é¢oherence results with
the far field are illustrated in Figure 4.3-9 for 100 Hz and Figure 4.3-10 for
400 Hz, the typical core noise peak frequency. The 100-Hz comparison shows
¢oherence levels of 0.1 to 0.25 in the aft quadrant angles for the low-power
point. At the higher speed, however, coherence levels of 0.1 and below are
apparent for both reference plane sensors.

Pigure 4.3-10 shows the 400-Hz coherence level for both planes to fall
- esgentially at or below the 0.1 coherence value at all angles for the condi-

tions shown. This i¢ typical for the coherence values of the higher frequen-
cies at all conditions.

) From Reference 3, for the ideal case of & constant parameter linear sya- 1
: tem with a4 single clearly defined input and output, the coherence function :

will be unity. If the input and output signals are totally uirelatéd, the

coherence will be zero. If the coherence function is greater than zero but

. less than unity, one or more of three possible situations exists.

. i » 121
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Figure 4,3-8. Far-Field Coherence Level Comparison Between Planes 3,5
(102°) and 8.0A for 50 Hz.
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1. The measureménts are influenced by extraneous noise - both internal
@nd external méasureménts are above the noise floor; therefore, this
cah beé éliminated.

2. The system relating the input and output signal is not linear -
several noisé paths are possible which are not linear.

3. The output signal is a function of more than omne input - at higher
power gettings this is true since jet noise dominates the engine
noise. The lower power settings are more likely to be eontrolled
by core noise. ,

A review of the far-field results from the Plane 3.5 and Plane 8.0A refer~
ences with the above situations was performed in an attempt to identify a
reason for the low coherence which appeared to be associated more with the
Plane 3.5 reference than Plane 8.0. Without an extensive survey, which is be-
youd the scope of this contract, the most probable reason appedrs to be the —
nonlinear paths the noise takes from the cambustor to the far field (e.g.,
casing radiated noise).

The spectral distribution of the coherence function at selected far-field
angles relative to the core rnozzle Plane 8.0A sensor is compared in Figure
4.3-11. Angles of 60°, 90°, 120°, and 150° on the 45.72-m (150=ft) measure-~
ment arc for the approach power setting (30.8% Fp) were used in the compari-
got. The time delays due to acoustic propagation to each imicrophone lo¢ation
were removed. The values of the cohetence function ranged between 0.15 to
0.35 at 60°, 90°, and 120°. At 150° the coherenée leévels are less than 0.1
over the frequency range from 50 to 1000 Hz. ‘The regions of frequencies with
cohérence level greater than 0.1 are concentrated with the low frequericies
(400 Hz) with the most prominént regions between 50 to 150 Hz,

The -transfer function results (gain and phase) with the far field rela-
tive to the Plane 8.0A sensor were compared at the peak core noise angle in
the far field (120°). Figure 4.3-12 illustrates the transfer function gain
for the 120° miérophone at 15, 30.8, and 45.5% Fnp. The gain (|n*|2) in the
far field has the transmission loss due to spherical divergence removed in
order to depict the actual loss of coherent signal due to influences other
than promixity to the source. The transfer function values are about 0.1
between 50 and 300 Hz for all power settings. The loss is greater at the
higher frequencies where the coherence is leds than 0.1.

Figure 4.3<13 shows the transfer function phase results for the 120° at
the same conditions. The nearly horizontal region of the plot in the low fre-
quéncies below 200 Hz, indicates that about the proper asnount of deldy time
was réioved. Above 200 Hz the cohereéfice levels are less than 0.1, except for
& gnall band of frequencies around 300 Hz (Figure 4.3-11). Therefore, the
phage information at the highet frequencies is mesiingless due to the large
gitount of error associated with using low coherence values (~0.1) as de-
scribed in Section 3.7. :
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4.3.3 Turbine Teansfér Function Comparison with Previous Test
Results and Present Theory

The transmission loss of acoustic sighals actoss the turbine of.the
CF6-50 turbofan engineé wis detérmined as an attenuation, ot loss of coherent
signal level from the combustor discharge Plate 4.0 to the core nosile exit,
Plane 8.0. tThe coherent levéls at each of thesé planes were obtained rela-
tive to an updtreat input signal lével at the combustor inlet, Plane 3.5. 1The
procédure used heére is similar to that described in Refereiice 2. The coherent
$PL spectra at Planes 4.0 and 8.0 were compated at each of the seven low-power
gettings. ‘The difference between the spectra représents the andunt of etiergy
transferred in SPL dcross the turbine. The results of these comparisons at
each test conditiotr are found in Appendix B,

™ Compar i son with Previous Test Results

Comparisons of the turbine attenuation.results on a PWL basie were made
vith similar results obtained during the running of the ECCP Phase III test
with a double amnular combustor on the same type of engine (s¢e Reference 2).
Conditions at approach power (~30% F,) and sbout 45% Fp were selected for the
comparison. The attenuations determined in the form o% ASPL's at each 1/3-
octave-band frequency from 50 to 1600 Hz between the coherent spéctra plots at
Planes 4.0 and 8.0 relative to the upstream combustor signal at Plane 3.5 were
converted to PWL attenuations to account for impedance changes, Mach nunber
effectd, and area differences at the measurement planes.

Figure 4.3-14 illustrates the PWL attenuation comparison at approach for
the 30.8% F; point on thé core noise test and the 29.7% F, point on the ECCP
Phase III test. (The 29.7% F, condition was selected for comparigon since .
both sets of pilot and main burners of the double annular combustor were oper- |
ational.) The attenuations for the core noise test range from AdBpy, of dbout '
10 to 25 dB, while the ECCP results show about 6- to 18.5-dB attenuation over
the frequency range. The core noise attenuation increases rapidly between 160
to 400 Hz. A similar rate of increade is apparent for the ECCP results between L
315 to 500 Hz.

—
Py

PN .

v A higher power setting comparison of turbine attenuations is presented ‘
in Figure 4.3-15 for the conditions around 452 Fy. The core noise attenu- IR
ations range from. about 8 to 25 dB over the frequency range, remaining con- :
stant in the low frequencies below 160 Hz and increasing from there to aout
1250 Hz. The ECCP tésults behave similarly, but st levels that are below
the core noige attenuations by 3 to 6 dB in the low frequencies (<160 He)
and 10 to 15 dB in the higher frequencies.

' .
3 ~———

a +
»

b

*i

é Comparison with Present Theory 'I : 1

The thercetical turbine tranemission loss (attenuation), as predicted for t i
supersonic blade rows by the procedure in Reference 10, was determined for the :
six-stage tutbine ot the CF6-50 engine. The takeoff condition was gelected T .
for the analysis comparison due to cycle conditiom availability. Thise condi- re "

tion is considered to be representative of the other operating coiiditions
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T .

since, above idle, the turbine nogzle (Pline 4.0) opératés near choked condi-
tions. The prediction prograx was set up following the recommendations noted .
in Reference 10 for ithe CF6-50.turbine. The attenuation results of the theo-
retical predictions areé shown in comparison with the engine results in Figures
4.3-14 and ~15. A maximum attenuation of 8.54 dB is obtained at 630 Hz after
reaching the first cut-on frequency of 570 He. Prior to cut-on, leas than
1.5-dB attenuation is computed. The attenuation drops off from the maximum to
7.12 and 6.72 4B at 800 and 1000 Hz, respectively.

The shape 6f the theoretically predicted attenuation curve is similar to
the data trends observed for.the 30.8 and 45.5% F, conditions in Figures
4.3-14 and -15, respectively. The attencation levels for the theoretical pre-
diction are lowetr than.the core noise test reésults by as much as 20 4B, pri-
marily in the frequencies above 125-160 Bz, This _asmount of difference aay be
due to the. limited coherent signal content at the higher frequencies at both
Planes 4.0 and 8.0 relative to the input signal Plane 3.5.

4.3.4 Summary of Coherence and Transfer Function Results

The éoherence levels within the CF6-50 engine combustor were of suffi-
cient magnitude to achiéve reasonable transfer function gain and phase infor-
mation. Between the combustor and the core nozzle, the coherence levels w 're
quite low (~0.1) which resulted in a minimum amount of transfer functiom 1.~
formation.

The fat-field results showed that only a shall amount of correlated sig-
nal reached the far field and was coherent in & small band of low frequencies
(<200 Hz). Nonlinear effects, due to the various paths the internally gen-
eérated signal takes before reaching the far field, weteée reasoned to be a pos-
sible cause for the low cohefence levels observed with thie engine.

The method of analysis (ordinary coherence) may also have s influence
on the strength of the coherent signal in the far-field. Other noise sources,
even at low power settings, may have contributed to the low coherence levels
achieved. There is a possibility that the use of multiple coherence with the
thrée Plane 3.5 sensors or the two Plane 8.0 sensors as input may improve the
results of the coherence and transfer function analyses.

The turbine transfer functions determined for the CF6-50 with the stan-
dard production combustor, in the fotm of AdBpyj attenuation, were compared
with the ECCP Phase III results (Reference 2) and preésent theory (Reference
10). The fesults of the comparison showéd the CF6-50 core noise attenuation
to be generally higher than the ECCP data, espécially at the frequencies above
160 He. The theoretical prediction is lower than both sets of data but the
spectral shape is similar.
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4.4 OUTPUT POWER

4.4.1 Duct Power Level Comparison with Predictions

~ Comparisons were made with predicted values of measuréd and coherent duct
PL's computed insdide the CF6<50 engine combustor and cote nozzle, respec-
tively.

Internal Comibustor FPWL Versus Component Prediction

A comparison of the ¢ambustor sensor measured power level was made with
a simplified component prediction derived for the ECCP of Phase II component
test data (Reference 1). The overall power level PWLgg is calculated
from:

= 100.2 + 10log [Wyg(T4-T3) /Tp3l
re 16-13 watts

vhete Pp3 = Combustor inlet total pressure, KN/m?
Tp3 & Combustor inlet total temperature, K
Tp4 = Combustor exit total temperature, K
W3¢ *= Total combustor airflow, kg/sec

The aero parameters used in calculating the PWLgg values are found in
Table 4.1-2,

The measured results were based on &n overall power level determined
from the ‘ternal fluctuating préssuré measurements reduced to 1/3-octave-band
spectra anu corrécted Sfor frequéncy respornse loss. The overall levels deter—
wined from these pressure measurements (congidered to be acoustic plamne wave
signals) were converted :o power level acéounting for impedance changes due
to differences in test conditions, Mach number effects, and area differences
at e&ch measurement plane as described in Section 3.7, ‘The fesulting power
level was designated FiWlLp.,e with unite in dB re 1013 watts. The para~
meters used in the conversion to FPWLye.e ate found in Table 4.1-2,

The comparison of FPWlyo,.y to PWLge for the combustor internal sensors
at Planes 3.0, 3.5, and 4.0 are shown in Figure 4.4-1. Good agreement is ap-
parent in the slope of the data at all planes. The measured lévels at Plane
3.0 are 2 to 4 dB lower than the equal power level line, which fiay be due to
the transmission loss through the combustor liner, while at Planes 3.5 and
4.0, the levels dre about 4 dB higher than the line. These results indi-
cate that the internal power levels are predicted quite accurately with the
PiLgg simplified correlation over the entire operating range of the engine.

Cotierent PWL in Core Exhaust Compared to Engine Prediction

The PWLggpps engine prediction is based on & correlation derived from
engine far-field data and core probe results obtained during tests conducted
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undér the Core Engine Program, Referénce 11, 'The overall power level from
the engine ¢orrelation is calculated feom

PWLGEFPA = 169.3 + 10 1o w36(T14-TT3)2(p3/¢¢)2 - 40 log (TTI,‘TTs)bésign
re 10-13 vaces

vhere the nomenciature is destribed above and (T¢, - T, dDesign is the total
temperature drop across the high and low pressure 'curbii?ea at the ¢ycle
design point.

The comparison with the measured power leével is based on the pressure
teasurements taken with the soutid-geparation probe in the core mozzle, The
power level determined from the as-measured fluctuating pressure measure-
menits in the core exhaust was higher than the predicted power level from the
engine correlation. To more acéurately compare the ECCP Phase III data with
the engine correlating parameter, the coherent part of the probe Rulite A
spectra with the Rulite B signal was used to compute the PWLyeq,.

Figure 4.4~2 illustrates the comparison of the coherent PWLyaoe with

FAA- The results show reasonable agreemenit in level and good agreement
in data slope of the measurement (coherent) results with the ECCP Phase 1ir
results (Reference 2) and predicted levels. These results support the cred=
ibility of the engine correlation procedure. It also shows the potential
for acquiring core noise data from internal probe measurements at a gingle
central immersion.

4.4,2 rar-field Coherent Output Power

Coherent Output Spectra Cotiparison from Plane 3.5 and Plate 8.0

The coherent output spectra were determined between the inteérnal sensors
at Plane 3.5 (102°) and each far-field microphone. A similar set of gpectra ' :
wad determined between the Plane 8.0A core probe Kulite and the far-fieid i
microphénes. ‘The ¢omplete set of far-field coherent output SPL spectra i
(corrected to free field) for the Sevén lowest power settings is found in '
Appendix C along with tabulations of raw and coherent CASPL and OAPWL,

A typical comparison between the raw (measured) spectra oft the 45.72 m ; 1
(150 ft) arc corrected to free field and the coherent spectra at peak angle is
ptesented in Figure 4.4-3. Figure 4.4-3(a) shows the coherent dpectrum at
45.5% Fy to fall about 10 to 20 dB below the raw spectrum and indicates
very little of the typical cofe mnoise dominated shape. In contrast, Figure
4.4-3(b) shows the coherént spectrum at 15% Fy to exhibit a peaked region
between 200 to 630 Hz level in this region. The low frequencies (<100 Hz) of
- the coherent spectrum, which is only 6 to 10 dB below the spectrum, are 2.5
' dB below the raw level. fThis condition is representative of one that contains
. a large amount of core generated noise. The result from the spectra cotiparison
: in Figure 4.4-3 enhances the results presented in Figure 3.7-2% showing the
' regions of core noise influence on the far-field measutements to fall below
: 45.5% Py (230 w/8 core velocity).

fe ke, Ao Al
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The overall coherent power level spectra determined in the far field
telative to the internal senisors at Planes 3.5 and 8.0 were compared at
three tepresentative power settings covering the engine operating tratige for
this analysis. The PWL was ¢alculated by applying a spherical surface area
ségiient to the inteénsities determined at each angle. Figures 4.4-4(a) and
~4(b) illustrate the overall cohérent power spectra variation at 15, 30.8, and
45.5% Fy telative to Plane 3.5 [Figure 4.4-4(a)] and Plane 8.0 [Figure
4-.4-6(!:?]. Both figures indicate peaked spectra at 15% Fy in the tregion
between 250 to 630 Hz which is typically associated with core noise. This
pedked shape disappears at the high:r power settings, more so in Figure
4.4-4(a) (Plane 3.5) due to the smaller anoutit of ¢oherent signasl over the
frequéncy range in the far field,

Coherent OASPL and MWL Directivity Comparisons
—=C WL Directivity Comparigons

The OASPL from the coherent output spectra were determined at each angle
for gseven test conditions. Figure 4.4-5 shows the comparison of the Plane
8.0A probe to the far field for 15, 30.8, and 45.5% Fn.. The peak angle shifts
from 130° at the low power getting (152 F,) to 120° agove approach (30.8% ¥,).
The dark symbols on the figure illustrate the OASPL from the raw signal at
30.82 Fy vhich is 10 to 17 dB above the coherent OASPL.

The éoherent PWL was determined from the acoustic intensity at each
angle and the aree segment associated with a spherical surface with radius
equal to the measurement arc radiug (45.72 m, 150 ft) and origin at fan exit
tenter. A PWL directivity coparigon of Plane 8.0A results ig shown in Figure
4.4-6 for the above three power settings in the survey. The peak of the PWL
directivity is at 120° at 15% Fy and moves between 110° and 120° at the
higher speeds. The raw PWL (solid symbols) for the 30.8% Fy point shows a
4B spread between the coherent levels as illustrated in Pigure 4.4-5,

A similar comparison is shown in Figures 4.4-7 and 4.4-8 for the coherent
output spectra from Plane 3.5 (102°) to the far-field angles. Since this set
of data contained seme very low coherence values (<0.1) over much of the fre-
quenicy range of interest in the forward angles, it is not suprising to see a
general flattening of the directivity in the forward angles at the three rep-
reténtative condicions of 15, 30.8, and 45.5% Fa. The aft angles. exhibic a
peaking of the OASPL (Figure 4.4~7) and PWL (Figure 4.4<8) at all thrust set-
tings in the 130° region. This is because of the increased coherence (>0.1)
at some of the lower frequencies (see Section 4.3.2). The raw levels of OASPL
and PWL (solid symbols) show even larger differenices than with the Plane B
8.0A resuits. These results suggest a peak core noise far-field dngle region
between 110° and 130° which is consistént with past resuits.

Directivity Index Comparisons

The Directivity Indices (DI) of the far-field coherent output spectra
relative to Plane 3.5 4iid Plane 8.0 vere determined for all seven lower
speed poirits using the ratio of the acoustic inteénsities st esch aigle,

calculeted from the coherent SPL spéctra, and the average intensity computed
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from the mean square average sound pressute. Table 4.4-1 lists these¢ Direc-
tivity Indices for all teast comditions. Figure 4.4-9 shows the DI distribu~
tion referenced to the Plane. 8.0 internal sensor for the three power settings
of 15, 30.8, and 45.5% Fp. The figure indicates a peak directivity index at
130°. for the low-power point with a shift to 120° at the higher power set-

tings, The shapes of the DI distributions are similar but are not identical.

~In contrast, the DI distribution referenced to Plane 3.5 in Figure
4.4-10, shows close agreement in both shape and level for angles above 60°.

The peak values occur at 140° for 152 Foq and 130° for the higher thrust
¢onditions.

Figure 4.4-11 shows the comparison of the directivity index deters
mined from the measured data at 30.8% Fy (referenced to Plane 8.0) and the
ptedicted DI from the GE ¢ore.noise prediction (Reference I1). The compar-
ison shows the prediction to undetpredict (-4 dB) the forward angles (<100°)
and over predict (+3 dB) in the peak angle region of 110* to 130°.

4.4.3 Coherent Output Power Summary

The results from the internally generated power levels determined from
the measutred pressures in the standard combustor of the CF6-50 enginé. match
the simplified component prediction defined in Reference 1. The coherent
power level computed from the CF6-50 core exhaust duct measurements obtained |
with the sound seéparation probe égrees with the GE core noise prediction :
described in Reference 11 and with similar PWL's calculated fot past tests i
(Réference 2). This result indicates that valid core noise data can be 1
obtained with duct probe measurements at a single immersion.

The core noise contribution to the overall enigine noiseé can be seén from
the coherent powér calculated from the far-field measurements. The coherent
power in the far-field appears to be better defined by the set of far-field q
colierent spectra determined relative to the core nozzle discharge Plane 8.0 .

1

tather than Plane 3.5 in the combustor. The coherent OASPL and PWL directiv-

ities peaked between 110° and 130°, which is in the region of peak core noise i
directivity (~120°). ¥

The directivity index determined from the acoustic intensities was com- .
pared with the prediction (Reference 11). Results of the coiparison showed ‘
the engine data to be greater than the prediction (by 3 dB) in the peak angle
region (110°-140°) and less than the prediction (by 4 dB) in the forward
angles (<100°).
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5.0 CONCLUSIONS

The work pérformed during the execution of this contract has. lead to
several conclusions and observations from the analysis results. The simul-
tadeous dcquigdition of a.set of fluctuating predsure measurements from en-
gine internal and far-field sensors over the operating range of the CF6-50
high-bypass turbofan emgine fotms the nucleus of & unique data base for com-
parison with sepatate internal and far-field data on this type of aircraft
engine system. The following conclusions ure based on ordinary coherence
analysis which assumes a linear prccess. If nonlinear processes exist, then
the conclusions stated may not be valid.

5.1 OBSERVATIONS ON THE ACQUISITION AND PROCESSING OF MEASUREMENTS

A key factor in the correlation and coherence analysis of these data
is the simultaneous acquisition of measuremente from internal and far-field
sensors. The measurements must be checked for signal polarity in order to
properly determine phase information. An impulse signsl, such as a blast
from a shotgun or horn, etc., recorded simultaneously on all channels, pto=
vides a polarity check for far-field microphones that is a considerable time
savings. Kulites have to be pressure-checked for signal polarity.

The selection of time-series parameters for data analysis has an in-
fluenceé ofi the output results: For example, with this set of data, cross-
correlations bétween poorly correlated signals ate sensitive to computation
parameters. The cross=correlationa between internal-to-internal seénsors
were determined to be best when the frequency bands were restricted to 100«
1000 Hz, while the internal-to-extetnal c¢togs-~correlations were best when a
100-500<i1z frequenéy range was used.

5.2 CORE NOISK SPECTRA COMPARISONS WITH ECCP PHASES I AND II! RESULTS

Comparisons of the 1/3-octave-band spectral results from the internal
measurements obtained on the CF6-50 engine - fitted with the standard pro-
duction annular combustor with similar engine internal spectra obtained from
the ECCP Phase III program with a double annular combustor = indicated a
general agreement in spectra levels. Differences were noted in the spectral
shapes at nearly all measurement planes within the combustor. However, this
was expected since the combustors wete quite different in design.

The comparisons of fuel nozzle spectra with the combustor inlet spectra,
which Were obtained on this program, indicated that the spectral ghapes were
similar for both measurements and the degree of similarity increased with
speed., However, the peak regions did mot vary with spaed but remain in fixed
frequency bands. The internal spectra exhibited a bilobed shape with peaks
occurring between 300 to 600 Hz and between 1200 to 1600 Hz. 1Ihe low fre-
quency peak corresponds to the typical frequency range associated with coii-
bustor noises. The fuel system components are the source of several tones

. ™ oan cdan. i lefle
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appareiit in both the narrowband spéctra of the fuel nozzle measurements and
in the far-field measurements at the idle cofidition.

A cotiparison of the efigine data with the ECCP Phase II results ftom the
full-scale duct-rig tests of the CF6-50 standard afinular combustor .showed the
power spectra to be genetally similar in shape, especidlly in the combustor
discharge region. The engine levels dgreed with the duct rig at the low fre~
quericies (<315 Hz), but were lower thah the componéiit data at the higher fre-
quenciés for both inlet (~14 dB) and discharge (~8 dB) planes at the approach
power getting. Gteater differénces were noted at the takeoff condition com-
patison,

Differences in measurement plane location, instruientation, the choked
turbine noz2le diaphragm in the engine, and the variations inm the test condi=
tisns - all contribute to the differences in levels apparent between the en~
gine and duct rig.

5.3 APPARENT PRIMARY CORE NOISE SOURCE LOCATION

Crosg=correlations betwéen selected pairs of internal sensors were used
to identify a probable region within the combustor that appeared to be a
primary noise sourde location. Vectoring of the time delays indicated the
dpparent location of the primary noise source within the standard ptoduction
combudtor iz between Planes 3.5 and 4.0. ‘The analysis indicated that several
different groups of frequeiicies contribute to the sources within the combus-
tor. It is also apparent that these groups of frequencies travel at differ-
ent directions within the combustor. Thete is évidence of circumferentially
traveling waves similar to those indicated in the ECCP Phdse III results.

5.4 TURBINE TRANSMISSION L0OS$

The ti¥ansmission loss across thé CF6-50 turbine and exhaust nozzle was
detefmined from the CFé-50 engine internal cohérent measurements in terms of
A dBpy; attentuation. Comparison of the results from the pfesent tést
with those of a previous test conducted undeér the ECCP Phase III program
showed the CF6-50 cofe noise attenuations to be generally highér than the
ECCP data, especially at frequencies above 160 Hz. The reason for this can
be attributed to the low ¢ohefence values that 6¢cur between the Plane 3.5
(282°) sensor and the core probe, Plane 8.0A (270°), which indicate little
signal coherence at Plane 8.0 relative to the combustor.

The theoretical predicticm is lower than both the core noise and ECCP
attentuations, but the spectril shape is similar. The differénces between the
data and the theory may he attributed, in part, to the large engine exhaust

nozzle duct area changes, potentially producing more atteriuation than the sim-
plified production model.
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5.5 COHERENCE AND TRANSFER FUNCTION To FAR FIELD

Plane. However, very low vilues of the coherence function (
Served béetween the codbustor and the core nosile. The resy
to far field Proved to give generally low coherence ley
very low frequencies (<100 H2). this was especially ¢
to the Plane 3.5 (162°) input sigtial. These low valués g
the failure of ordinary eoherence calculations in the very caiplex enviromment .
An evaluation of the results from the ordinary c¢oherence method which assunes
a linear relationship between « single input and single output signal may
Suggest that, for the CF6=50 high~bypass turbofan engine, perhaps a different

: ‘ i V vhere multiple
nal source to the

the core nozsle exit,

the engine sidewall, or the fan aogzle exit) and the far-fie'd receiver ig
infle iof (e.g., che fan, jet, etc... 1his case
» The single input-out put model
assunption would be an oversimplification of the problea
érfonec.s information, A Possible teans of
through multiple ¢oherence vhich uses the existing detg

Sensors in combination wvith the far-field sicrophosies to
signals.

5.6 CORE NOZZLE AND COMBUSTOR PWL',
——————=" LOMBUSTOR PWL's

The coherent power level, computed from the Wedsuteents obtained frog
the sound separation probe in the CF6-50 core exhaust duce
General Eléctric core noige
This result indicates that valia core¢ noise date
Probe tieasurements at & single immersion,

The results from the internally generated power levels as determined
from the weasured Pressures in the standard combustor of the CF6-50 engine
match the sidplified Costponent prediction defined from ECCP Phase I} work.

5.7 COHERENT OUTPUT POWER OBSERVATIONS
\*
The coherent power in the far field appesrs to be
by the set of far-fietd coherent spectra determined r
zle discharge Plane 8.0 rather than Plane ‘ :
with this distinction, the far-f

ocations. If this set
ocedure rather than one

» Perhaps higher coherence
levels would be achieved., The directivity indices computed from these results

might elgo give a bettér comparison with tie prediction,
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. APPENDIX A _ .
COHERENCE FUNCTIONS AND TRANSFER FUNCTIONS FOR

INTERNAL FAR-FIELD SENSORS
M

Appendix A contains the ordinary coherence functions and trausfer func-
tions for the data aéquired under this program. The transfer function is
expressed as gain and phase. Time delays due to acoustic wave fropagation
were removed from the data. Far-field transfer functions had the 1oss due to
spherical divergence removed. The transfer gain displayed represents the loss
in the far field due to other causes (nonlinearity, multiple sources, etc.).

The data are presented in two sets: internal and internal to far field.

The internal results are presented in Part A for the following pairs of inter~
nal gensors: 3

o Plane 3.0 (16°) to 3.5 (42°).

¢  Plane 3.5 (102°) to 4.0 (92°¢)

e  Plane 3.5 (282°) to 8.0A (270°)

®  Plane 8.0A (270°) to 8.08 (270°)

®  Fuel nozzle (42°) to 3.5 (42°%)

o  Fuel wozzle (102°) to 3.5 (102°) ’
The far-field mierophones (15) paired with the Plane 3.5 (102°) and Plene 8.0a
(270‘).-eﬂcuru_afe présented in Part B of this appendiz. All of the results i
presented are for seven power settings of the CF6-50 engine and include per-
cent net thrust pointe of 3.8, 15,0, 22.8, 26.7, 30.8, 36.5, and 45.5.

The analysis was conducted over 4 frequency range of 0 to 1000 Hz with a

data bandwidth of 2.5 Hz, & 2048 block size, 100 averages, and a total record
time of 40 seconds.
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Figure A-19. Coherence and Transfer Functiorns
for Plane 3,0 (16°) to Plane 3.5
(42°) at 26.7% Thrust.
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Coherenice and Transfer Functions for Plane

8.0A (270°) to 30° Farfield Microphone at

26.7% Thrust.
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